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ABSTRACT 
A hydraulic jump is the sudden transition from a high-velocity, supercritical open channel flow into a slow-
moving, sub-critical flow. It is characterised by a sudden rise of the free-surface, with strong energy 
dissipation and mixing, large-scale turbulence, air entrainment, waves and spray. Despite recent pertinent 
studies, the interactions between air bubble diffusion and momentum transfer are not completely understood. 
In the present study, new air-water flow measurements were performed in hydraulic jumps with partially-
developed flow conditions. The experiments were performed in relatively large-size facilities with phase-
detection probes. Experiments were performed with identical Froude numbers, but different Reynolds 
numbers or different relative channel widths. 
In hydraulic jumps with partially-developed inflow, void fraction distributions showed the presence of an 
advection/diffusion shear layer in which void fraction distributions followed an analytical solution of the 
diffusion equation for air bubbles. This advective diffusion layer was observed only for Re1 > 2.5 E+4. For 
smaller inflow Reynolds numbers, the air entrainment rate was too weak and air detrainment tended to 
dominate the air-water flow pattern. In the developing shear region, bubble chord time distributions showed 
a broad range of chord times. The distributions were skewed with a preponderance of bubble chord times 
smaller than the mean. A cluster analysis of bubble grouping was performed. Little bubble clustering was 
observed. An interparticle arrival time analysis suggested however that bubble clustering may occur 
preferentially for small bubbles with chord times less than 3 msec.. 
Similar experiments with identical inflow Froude numbers and relative channel widths were repeated with a 
true geometric scaling ratio of Lr = 2 (i.e. 2:1 scale). The results showed drastic scale effects at small 
Reynolds numbers in terms of void fraction, bubble count rate and bubble chord time distributions. Void 
fraction distributions implied comparatively greater detrainment at low Reynolds numbers leading to a lesser 
overall aeration of the jump roller, while dimensionless bubble count rates were drastically lower especially 
in the mixing layer. Bubble chord times were not scaled according to a Froude similitude. Experimental 
results suggested also that the relative channel width had little effect on the air-water flow properties for 
identical inflow Froude and Reynolds numbers within 8 ≤ W/d1 ≤ 22 for 0.25 ≤ W ≤ 0.50 m. 
Transverse air-water length scales were deduced from signal correlation analyses between two probes 
separated by a known transverse distance. In the bubbly flow region, the resulting length scale was related to 
the inflow depth. The dimensionless transverse length scale Z/d1 was typically between 0.25 and 0.4 
irrespective of the inflow Froude and Reynolds numbers. It is a measure of transverse length scale of vortical 
structures advecting air bubbles in the developing shear layer. 
 
Keywords : Hydraulic jump, Air bubble entrainment, Similitude, Scale effects, Physical modelling, 
Transverse length scales, Bubble chord time distributions, Interparticle arrival time, Clustering, Air-water 
turbulent shear flow. 
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NOTATION 
The following symbols are used in this report : 
C void fraction defined as the volume of air per unit volume of air and water; it is also called air 
concentration or local air content; 
Cmax maximum void fraction in the air bubble diffusion layer; 
ch chord size (m); 
chab bubble chord length (m); 
Dt turbulent diffusivity (m2/s) of air bubbles in air-water flow; 
Dt' turbulent diffusivity (m2/s) of air bubbles in interfacial free-surface aerated flow; 
D# dimensionless turbulent diffusivity : D# = Dt/(V1*d1); 
d 1- flow depth (m) measured perpendicular to the flow direction; 
 2- clear water flow depth defined as: d = ⌡⌠
C=0% 
 C=90%
 (1 - C) *dy ; 
dab air bubble size (m); 
dwd water droplet size (m); 
d1 flow depth (m) measured immediately upstream of the hydraulic jump; 
F air bubble count rate (Hz) or bubble frequency defined as the number of detected air bubbles per 
unit time; 
Fmax maximum bubble count rate (Hz) at a given cross-section; 
Fr Froude number; 
Fr1 upstream Froude number: Fr1 = qw/ g * d1
3 ; 
Fscan scanning frequency (Hz) or scan rate; 
Ftoe hydraulic jump toe pulsation frequency (Hz); 
g gravity constant: g = 9.80 m/s2 in Brisbane, Australia; 
i integer; 
Ku kurtosis factor (i.e. dimensionless statistical moment of order 4) defined as: 
 Ku  =  
1
n * 
∑
i=1
n
(u - ⎯u )4
⎝⎜
⎜⎛
⎠⎟
⎟⎞1
n*∑
i=1
n
(u - ⎯u )2
2  -  3 
L length (m); 
Lr geometric scaling ratio defined as the prototype to model dimensions: e.g., Lr =2 when the 
model is half the prototype size; 
Mo Morton number defined as : Mo = g*µw4/(ρw*σ3); 
Nab number of air bubbles per record; 
Qair air discharge (m3/s); 
Qw water discharge (m3/s); 
qw water discharge per unit width (m2/s); 
 v 
Re Reynolds number; 
Re1 inflow Reynolds number : Re1  =  ρw * 
V1 * d1
µw ; 
Rxx normalised auto-correlation function (reference probe); 
Rxy normalised cross-correlation function between two probe output signals; 
(Rxy)max maximum cross-correlation between two probe output signals; 
Sk skewness factor (i.e. dimensionless statistical moment of order 3) defined as: 
 Sk  =  
1
n * 
∑
i=1
n
(u - ⎯u )3
⎝⎜
⎜⎛
⎠⎟
⎟⎞1
n*∑
i=1
n
(u - ⎯u )2
3/2 
Tu turbulence intensity defined as: Tu = u'/V; 
Tscan scan duration (Hz) or sampling period; 
Txx auto-correlation integral time scale : 
 Txx  =  ⌡⌠
τ=0 
 τ=τ(Rxx=0)
Rxx(τ) * dτ 
Txy cross-correlation integral time scale : 
 Txy  =  ⌡⌠
τ=τ(Rxy=(Rxy)max)  
   τ=τ(Rxy=0)
 Rxy(τ) * dτ 
t interparticle arrival time (s); 
(t0.5)xx characteristic time lag τ for which Rxx = 0.5; 
(t0.5)xy characteristic time lag τ for which Rxy = 0.5 * (Rxy)max; 
u dimensionless variable; 
u' root mean square of longitudinal component of turbulent velocity (m/s); 
u'1 root mean square of longitudinal component of turbulent velocity (m/s) of the upstream flow; 
V velocity (m/s); 
Ve onset velocity (m/s) for air entrainment; 
Vmax maximum velocity (m/s) at outer edge of boundary layer; 
V1 upstream flow velocity (m/s): V1 = qw/d1; 
W channel width (m); 
x distance along the channel bottom (m); 
x1 distance (m) between channel intake and upstream flow conditions: distance between channel 
intake and hydraulic jump toe; 
YCmax distance (m) normal to the jet support where C = Cmax; 
YFmax distance (m) normal to the jet support where F = Fmax; 
Y50 characteristic depth (m) where the void fraction is 50%; 
Y90 characteristic depth (m) where the void fraction is 90%; 
y distance (m) measured normal to the invert (or channel bed); 
 vi 
Z transverse air-water length scale (m) : 
 Z  =  ⌡⌠
z=0   
 zmax
(Rxy)max * dz 
z transverse distance (m) from the channel centreline; 
zmax transverse distance (m) where the cross-correlation coefficient tends to zero; 
δ boundary layer thickness (m) defined in term of 99% of the maximum velocity: 
δ = y(V=0.99*Vmax); 
λ intensity function; 
µ dynamic viscosity (Pa.s); 
ρ density (kg/m3); 
σ surface tension between air and water (N/m); 
τ time lag (s); 
χ2 Chi-square value; 
∅ diameter (m); 
 
Subscript 
air air flow; 
w water flow; 
xx auto-correlation of reference probe signal; 
xy cross-correlation; 
1 upstream flow conditions; 
90 flow conditions where C = 0.90; 
 
Abbreviations 
F/D fully-developed inflow conditions; 
Kurt kurtosis (Fisher kurtosis or excess kurtosis); 
P/D partially-developed inflow conditions; 
Skew skewness; 
Std standard deviation. 
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1. INTRODUCTION 
A hydraulic jump is the sudden transition from a high-velocity, supercritical open channel flow into a slow-
moving, sub-critical flow. It is characterised by a sudden rise of the free-surface, with strong energy 
dissipation and mixing, large-scale turbulence, air entrainment, waves and spray (Fig. 1-1). 
Historically air entrainment in hydraulic jumps was investigated in terms of the air demand: i.e., the total 
quantity of entrained air, particularly for closed-conduit flow (e.g. KALINSKE and ROBERTSON 1943, 
WISNER 1965). Basic studies of air entrainment in hydraulic jumps included RAJARATNAM (1962) and 
THANDAVESWARA (1974) (Table 1-1). A 'milestone' contribution was the work of RESCH and 
LEUTHEUSSER (1972) who showed first that the air entrainment process, momentum transfer and energy 
dissipation are strongly affected by the inflow conditions. Recently CHANSON (1995a) studied particularly 
the air-water properties in partially-developed hydraulic jumps. He showed a similarity with plunging jet 
entrainment. MOSSA and TOLVE (1998) recorded instantaneous properties of bubbly flow structures using 
an imaging technique. CHANSON and BRATTBERG (2000) documented vertical distributions of void 
fractions, bubble count rates and air-water velocities in the shear layer and roller region of hydraulic jumps 
with relatively large inflow Froude numbers. MURZYN et al. (2005) measured detailed air-water flow 
properties in hydraulic jumps with low inflow Froude numbers. Despite these studies (Table 1-1), the air 
bubble diffusion process and the mechanisms of momentum transfer in hydraulic jumps are not completely 
understood. 
 
Fig. 1-1 - Air entrainment in a hydraulic jump in a rectangular channel - Fr1 = 10.2, Re1 = 9.8 E+4, V1 = 4.5 
m/s, d1 = 0.020 m, W = 0.5 m - Flow from left to right 
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Table 1-1 - Experimental investigations of air entrainment in hydraulic jump flows 
 
Reference Flow conditions Measurement technique(s) Comments 
(1) (2) (3) (4) 
RAJARATNAM (1962) Fr1 = 2.68 to 8.72 
V1 = 1.3 to 4.35 m/s 
d1 = 0.0254 m 
Conductivity probe W = 0.308 m 
RESCH and 
LEUTHEUSSER (1972) 
 Conical hot-film probe DISA 
55A87 (0.6 mm sensor size). 
W = 0.39 m. 
 Fr1 = 2.98 & 8.04 
V1 = 1.84 & 2.78 m/s 
d1 = 0.039 & 0.012 m 
x1 = 0.39 & 0.122 m 
 P/D inflow 
conditions. 
 Fr1 = 3.26 & 7.32 
V1 = 2.5 & 2.0 m/s 
d1 = 0.039 & 0.012 m 
x1 = 2.44 & 7.8 m 
 F/D inflow 
conditions. 
THANDAVESWARA 
(1974) 
Fr1 = 7.16 to 13.31 
V1 = 2.18 to 4.60 m/s 
d1 = 0.0107 to 0.152 m 
x1 = 0.23 m 
P/D inflow conditions 
Pitot tube (3.2 -mm external 
Ø), Conductivity probe: 
double tip (4 mm tip spacing) 
W = 0.6096 m. 
BABB and AUS (1981) Fr1 = 6.0 
V1 = 3.51 m/s 
d1 = 0.035 m 
P/D inflow conditions 
Conical hot-film probe DISA 
55R42 (0.4 mm sensor size) 
W = 0.46 m. 
CHANSON (1995a,b) Fr1 = 5.0 to 8.1 
V1 = 1.97 to 3.19 m/s 
d1 = 0.016 to 0.017 m 
x1 = 0.7 to 0.96 m 
P/D inflow conditions (δ/d1 = 
0.45 to 0.95 (m)) 
Pitot tube: 3.3 mm external 
Ø), Conductivity probe 
(single tip, 0.35 mm inner 
electrode) 
W = 0.25 m.. 
MOSSA and TOLVE 
(1998) 
Fr1 = 6.42 to 7.3 
V1 = 2.85 to 3.12 m/s 
d1 = 0.0185 to 0.0202 m 
x1 = 0.90 m 
P/D inflow conditions 
Video-imaging (CCD, 5 E+5 
pixels, 16.8 E+6 levels of 
grey pr pixel) 
W = 0.40 m 
CHANSON and 
BRATTBERG 
(1997,2000) 
Fr1 = 6.33 & 8.48 
V1 = 2.34 & 3.14 m/s 
d1 = 0.014 m 
x1 = 0.50 m 
P/D inflow conditions (δ/d1 = 
0.65 (m)) 
Pitot tube: 3.3 mm external 
Ø), Conductivity probe 
(double tip, 0.025 mm inner 
electrode, 8 mm tip spacing) 
W = 0.25 ,. 
MURZYN et al. (2005) Fr1 = 2.0 to 4.8 
V1 = 1.50 to 2.19 m/s 
d1 = 0.021 to 0.059 m 
x1 = 0.28 to 0.36 m 
P/D inflow conditions (δ/d1 = 
0.18 to 0.36 (c)) 
Optical fibre probe (double 
tip, 0.010 mm Ø, 1 mm tip 
spacing) 
W = 0.3 m 
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Present study  Conductivity probes (single 
tip, 0.35 mm inner electrode) 
P/D inflow conditions
 Fr1 = 5.0 to 8.4 
V1 = 1.85 to 3.9 m/s 
d1 = 0.013 to 0.029 m 
x1 = 0.5 & 1.0 m 
P/D inflow conditions 
 W = 0.25 m. 
 Fr1 = 5.1 & 8.6 
V1 = 2.6 & 4.15 m/s 
d1 = 0.026 & 0.024 m 
x1 = 1.0 m 
P/D inflow conditions 
 W = 0.50 m. 
 
Notes: F/D : fully-developed; P/D : Partially-developed; (c) : calculated; (m) measured. 
 
 
In the present study, the writer investigates air bubble entrainment in the developing region of hydraulic 
jump flows with partially-developed inflow conditions (Fig. 1-1, Table 1-1). First basic dimensional 
considerations are developed. Then new experiments were conducted in two geometrically-similar flumes to 
assess scale effects affecting air entrainment, and results are presented in the fourth and fifth paragraphs. 
Further experiments were conducted to investigate the transverse air-water length scales and results are 
discussed. It is the purpose of this study to present new experimental results, to compare these with existing 
data, and to present new compelling conclusions regarding air bubble entrainment and scale effects affecting 
hydraulic jumps with partially-developed inflow conditions. 
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2. DIMENSIONAL ANALYSIS AND SIMILITUDE 
2.1 Dimensional analysis 
Analytical and numerical studies of air-water flow properties in hydraulic jumps are difficult considering the 
large number of relevant equations. Experimental investigations are not easy but new advances in metrology 
(e.g. phase-detection probes) provided means for successful two-phase air-water flow measurements (e.g. 
MOSSA and TOLVE 1998, CHANSON 2002, MURZYN et al. 2005). 
Laboratory studies are performed with geometrically similar models and the geometric scaling ratio Lr is 
defined as the ratio of prototype to model dimensions. Model studies of air-water flows require the selection 
of an adequate similitude. In any study of air-water flows, the relevant parameters needed for any 
dimensional analysis include the fluid properties and physical constants, the channel geometry and inflow 
conditions, and the air-water flow properties including the entrained air bubble characteristics. For a 
hydraulic jump in a horizontal, rectangular channel, a simplified dimensional analysis yields : 
 C , F, V, u', dab, ...  =  F1(x, y, z, d1, V1, u'1, x1, δ, W, g, ρair, ρw, µair, µw, ...) (2-1) 
where C is the void fraction, F is the bubble count rate, V is the velocity, u' is a characteristic turbulent 
velocity, dab is a characteristic size of entrained bubble, x is the coordinate in the flow direction measured 
from the nozzle, y is the vertical coordinate, z is the transverse coordinate measured from the channel 
centreline, d1 is the inflow depth, V1 is the inflow velocity, u'1 is a characteristic turbulent velocity at the 
inflow, x1 is the distance from the upstream gate (Fig. 2-1), δ is the boundary layer thickness of the inflow, 
W is the channel width, g is the gravity acceleration, ρw and µw are the water density and dynamic viscosity 
respectively, ρair and µair are the air density and dynamic viscosity respectively, σ is the surface tension 
between air and water. 
 
Fig. 2-1 - Hydraulic jump with partially-developed inflow conditions (after CHANSON and BRATTBERG 
1997) 
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In Equation (2-1), the air-water flow properties (left handside terms) at a position (x, y , z) are expressed as 
functions of the inflow properties, channel geometry and fluid properties. In addition, biochemical properties 
of the water solution may be considered. Note that compressibility of high-velocity air–water flow may be an 
important issue. However a re-analysis of existing model and prototype data showed that transonic and 
supersonic flow conditions were achieved in some studies, and results showed that, in free-surface flows, 
compressibility effects had little impact neither on air bubble diffusion process nor on mixing layer 
characteristics (CHANSON 1997, 2004c). Hence compressibility effects are not considered herein. If the 
local void fraction C is known, the density and viscosity of the air-water mixture can be deduced as 
ρw*(1 - C)(1) and µw*(1 + 2.5*C)(2) respectively , hence the parameters ρair and µair may be ignored. 
For a hydraulic jump, the relevant characteristic length scale is the upstream flow depth d1 and the relevant 
Froude number is the inflow Froude number Fr1 = V1/ g*d1, where d1 and V1 are the upstream flow depth 
and velocity respectively. Equation (2-1) may be transformed in dimensionless terms : 
 C , 
F * d1
V1
 , 
V
g *d 1
 , 
u'
V1
 , 
dab
d1
 , ...   = 
  F2⎝⎜
⎜⎛
⎠⎟
⎟⎞x-x1
d1
; 
y
d1
; 
z
d1
; 
x1
d1
; 
V1
g*d1
; 
ρw*V12*d1
σ ; ρw*
V1*d1
µw ; 
u'1
V1
; 
δ
d1
; 
W
d1
; ...   (2-2a) 
In Equation (2-2a) right handside, the fifth, sixth and seventh terms are the inflow Froude, Weber and 
Reynolds numbers respectively. Any combination of these numbers is also dimensionless and may be used to 
replace one of the combinations. In particular one parameter can be replaced by the Morton number 
Mo = (g * µw4)/(ρw * σ3) since : 
 Mo  =  
⎝⎜
⎛
⎠⎟
⎞ρw*V12*d1
σ
3
⎝⎜
⎛
⎠⎟
⎞V1
g*d1
2
 * ⎝⎜
⎛
⎠⎟
⎞ρw*
V1*d1
µw
4 (2-3) 
The Morton number is a function only of fluid properties and gravity constant. For the same fluids (air and 
water) in both model and prototype, the Morton number becomes a constant,. Equation (2-2a) may be 
rewritten as : 
 C , 
F * d1
V1
 , 
V
g *d 1
 , 
u'
V1
 , 
dab
d1
 , ...   = 
  F3⎝⎜
⎜⎛
⎠⎟
⎟⎞x-x1
d1
 ; 
y
d1
; 
z
d1
 ; 
x1
d1
 ; 
V1
g*d1
 ; ρw*
V1*d1
µw  ; 
u'1
V1
 ; 
δ
d1
 ; 
W
d1
 ; 
g * µw4
ρw * σ3
 ; ...   (2-2b) 
 
                                                     
1neglecting the air density. 
2EINSTEIN (1906,1911). 
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2.2 Dynamic similarity and scale effects 
In a geometrically similar model, true dynamic similarity is achieved only if each dimensionless parameters 
(or Π-terms) has the same value in both model and prototype. Scale effects may exist when one or more Π-
terms have different values between model and prototype. 
In free-surface flows including hydraulic jump studies, gravity effects are important and a Froude similitude 
is commonly used (e.g. HENDERSON 1966, CHANSON 1999,2004a). That is, model and prototype Froude 
numbers must be equal. But the entrapment of air bubbles and the mechanisms of air bubble breakup and 
coalescence are dominated by surface tension effects implying the need for a Weber similitude. Similarly, the 
turbulent flow processes are dominated by viscous forces implying the needs for a Reynolds similitude. For 
geometrically-similar models, it is impossible to satisfy simultaneously Froude, Reynolds and Weber 
similarities. With the same fluids (air and water) in model and prototype, the air entrainment process is 
adversely affected by significant scale effects in small size models, as reviewed by WOOD (1991) and 
CHANSON (1997). 
Basically dynamic similarity of air entrainment is nearly impossible with geometrically similar models 
because of too many relevant parameters (Eq. (2-2)). A few studies investigated systematically two-phase 
air-water flows with geometrically similar models under controlled flow conditions. For example, 
CHANSON et al. (2004) with circular plunging jets; BOES (2000), GONZALEZ and CHANSON (2004) 
and CHANSON and GONZALEZ (2005) in stepped chute flows; CHANSON (2004b) in dropshaft flows. 
All these were based upon a Froude similitude and the results highlighted significant scale effects in terms of 
air-water flow properties. To date, no systematic study was conducted to assess scale effects affecting air 
entrainment in hydraulic jump flows. 
 
2.3 Discussion 
It is worth noting that the above analysis does not account for the characteristics of the instrumentation. The 
size of the probe sensor, the scanning rate and possibly other probe characteristics do affect the minimum 
size detectable by the measurement system. In the particular case of phase-detection intrusive probe (e.g. 
optical fibre and conductivity probes), bubble chords smaller than the probe sensor cannot be detected while 
bubble chord times smaller than the scan period (i.e. inverse of scan frequency) are not recorded. 
To date most systematic studies of scale effects affecting air entrainment processes were conducted with the 
same instrumentation and sensor size in all experiments. That is, the probe sensor size was not scaled down 
in the small size models. The present study is no exception but it is acknowledged that this aspect might 
become a constraint and limitation. 
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3. EXPERIMENTAL CHANNELS AND INSTRUMENTATION 
3.1 Experimental channels 
Two new series of experiments were performed in the Gordon McKAY Hydraulics Laboratory at the 
University of Queensland (Table 3-1). The first channel was horizontal, 3.2 m long and 0.25 m wide. Both 
bottom and sidewalls were made of 3.2 m long glass panels. At the upstream end, the channel flow was 
controlled by a vertical sluice gate. The opening of the sluice was carefully set within 0.2 mm and the flow 
contraction coefficient at vena contracta (downstream of the gate) was about 0.6 for all experiments. This 
channel was previously used by CHANSON and QIAO (1994), CHANSON (1995a,b) and CHANSON and 
BRATTBERG (1997,2000). 
The second channel was horizontal, 3.2 long and 0.5 m wide. The sidewalls were made of 3.2 m long glass 
panels and the bed was made of 12 mm thick PVC sheets. The inflow was controlled by a rounded gate and 
the downstream coefficient of contraction was about unity. The flume was used by CHANSON (2001). 
Both channels were fed by a constant head tank. 
 
Table 3-1 - Summary of experimental flow conditions (Present study) 
 
Ref. d1 x1 V1 Fr1 Re1 W Comments 
 m m m/s   m  
(1) (2) (3) (4) (5) (6) (7) (8) 
Narrow flume       Glass bottom and sidewalls. 
 0.0133 0.5 1.86 5.1 2.5 E+4 0.25 Run 051115. 
 0.0129 0.5 3.0 8.4 3.8 E+4 0.25 Run 051122. 
 0.029 1.0 2.67 5.01 7.7 E+4 0.25 Run 051117. 
 0.0245 1.0 3.9 7.9 9.5 E+4 0.25 Run 051123-5. 
Wide flume       Glass sidewalls and PVC bed. 
 0.0265 1.0 2.6 5.1 6.8 E+4 0.50 Run 051202. 
 0.0238 1.0 4.14 8.6 9.8 E+4 0.50 Run 051206. 
 
Notes : Fr1 = V1/ g*d1; Re1 = ρw*V1*d1/µw; x1 : distance between the upstream gate and jump toe. 
 
3.2 Instrumentation 
In the narrow flume, the flow rate was measured with a 90º V-notch weir which was calibrated on-site with a 
volume-per-time technique. In the 0.5 m wide channel, the water discharge was measured with a Venturi 
meter which was calibrated in-situ with a large V-notch weir. The percentage of error was expected to be less 
than 2%. The water depths were measured using rail mounted pointer gauges with an accuracy of 0.2 mm. 
Air-water flow properties were measured with single-tip conductivity probes (needle probe design) (Fig. 3-
1). The probes consisted of a sharpened rod (platinum wire ∅ = 0.35 mm) which was insulated except for its 
tip and set into a metal supporting tube (stainless steel surgical needle ∅ = 1.42 mm) acting as the second 
electrode as sketched in Figure 3-2A. The probes were excited by an electronic system (Ref. AS25240) 
designed with a response time less than 10 µs and calibrated with a square wave generator. Details of the 
present metrology are compared with previous studies in Table 3-2. Further details on probe design and 
electronic system were reported by CHANSON (1995b) and CUMMINGS (1996). 
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All measurements were conducted on the channel centreline (z = 0). For some experiments, a second 
identical probe was placed beside the first one with the probe sensors at the same vertical and streamwise 
distances y and x respectively (Fig. 3-1B). The reference probe was located on the channel centreline (z = 0) 
while the second probe was separated in the transverse direction by a known spacing z. 
 
3.3 Data processing 
The measurement principle of conductivity probes is based upon the difference in electrical resistivity 
between air and water. The resistance of water is one thousand times lower than the resistance of air bubbles. 
When the probe tip is in contact with water, current will flow between the tip and the supporting metal; when 
it is in contact with air no current will flow. Typical probe signals are shown in Figure 3-2 for both flumes. A 
sketch of single-tip conductivity probe is presented in Figure 3-2A. Figure 3-2B shows a signal output for 
200 msec., while Figure 3-2C presents the signal outputs of two probes placed at the same streamwise and 
vertical locations, but separated transversely by z = 11.5 mm. In Figure 3-2B & 3-2C, the air and water 
voltages are about +0.3 V and +4.25 V respectively. Each steep drop of the signal corresponds to an air 
bubble pierced by the probe tip. Although the signal is theoretically rectangular, the probe response is not 
square because of the finite size of the tip, the wetting/drying time of the interface covering the tip and the 
response time of the probe and electronics. 
 
Fig. 3-1 - Photographs of single-tip conductivity probes 
(A) Single-tip conductivity probe above the jump roller (high speed photograph: 1/1000 s shutter) - Inflow 
conditions : Fr1 = 6.7, Re1 = 1 E+5, V1 = 3.6 m/s, d1 = 0.029 m, W = 0.25 m - Flow from right to left 
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(B) Two single-tip conductivity probes separated by z = 10.5 mm, flow from bottom left to top right - Local 
air-water flow properties: C = 0.79, F = 20.6 Hz, y/d1 = 4.15- Inflow conditions : Fr1 = 7.9, Re1 = 9.4 E+4, 
V1 = 3.9 m/s, d1 = 0.024 m, x1 = 1 m, x-x1 = 0.2 m, W = 0.25 m 
 
 
In the present study, the air-water flow properties were calculated using a single threshold technique and the 
threshold was set at about 45 to 55% of the air-water voltage range. A sensitivity analysis was conducted 
with thresholds between 40 and 60% of the voltage range (TOOMBES 2002, pp. 55-56). The results showed 
little effect of threshold on the air-water flow properties. HERRINGE and DAVIS (1974) obtained a similar 
result for threshold between 20% and 70% of the air-water voltage range. 
The air concentration or void fraction C is the proportion of time that the probe tip is in the air. Past 
experience showed that the probe orientation with the flow direction had little effect on the void fraction 
accuracy provided that the probe support does not affect the flow past the tip (e.g. SENE 1984, CHANSON 
1988). This was checked with the present probes. In the present study, the probe tip was horizontal and 
aligned with the main flow direction as shown in Figure 3-2. 
The bubble count rate F is the number of bubbles impacting the probe tip per second. The measurement is 
sensitive to the probe tip size, bubble sizes, velocity and discrimination technique, particularly when the 
sensor size is larger than the smallest bubbles. Note that there is a relationship between bubble count rate and 
void fraction as demonstrated by TOOMBES (2002) but it is not unique in the developing region of plunging 
jet flows (BRATTBERG and CHANSON 1998). 
The bubble chord time is defined as the time spent by the bubble on the probe tip. Bubble chord times were 
calculated from the raw probe signal using the single threshold technique (described above). Statistical 
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analyses of chord time distributions yielded median chord time, standard deviation, skewness and kurtosis of 
both air and water chord times. Interparticle arrival times (3) were also calculated and analysed. 
With two probes simultaneously sampled, the signals were analysed in terms of auto-correlation and cross-
correlation based upon the raw probe output signals (4). Basic results included the maximum cross-
correlation coefficient (Rxy)max, and the integral time scales Txx and Txy where : 
 Txx  =  ⌡⌠
τ=0 
 τ=τ(Rxx=0)
Rxx(τ) * dτ (3-1) 
 Txy  =  ⌡⌠
τ=τ(Rxy=(Rxy)max)  
   τ=τ(Rxy=0)
 Rxy(τ) * dτ (3-2) 
where Rxx is the normalised auto-correlation function, τ is the time lag, and Rxy is the normalised cross-
correlation function between the two probe output signals (Fig. 3-3A). Figure 3-3 illustrates typical 
examples. When identical experiments were repeated with different transverse spacings z, a transverse length 
scale was calculated as : 
 Z  =  ⌡⌠
z=0   
 z=z((Rxy)max=0)
(Rxy)max * dz (3-3) 
where the transverse length scale Z is a function of the inflow conditions and streamwise position (x - x1). 
MOUAZE et al. (2005) used such a transverse length scale to characterise a free-surface fluctuation length 
scale. The length scale Z is a measure of the transverse length scale of vortical structures advecting air 
bubbles in the developing shear layer of the hydraulic jump. 
For the present study, the complete set of processed data is presented in Appendices B and C for void 
fraction, and bubble count rate, and bubble chord time respectively. Appendix A shows photographs of the 
experimental channels and flow conditions. Appendix D regroups transverse length scale results. 
 
Fig. 3-2 - Signal outputs of single-tip conductivity probes 
(A) Sketch of a probe tip 
Flow direction
air bubble probe sensor
Detail of probe tip
inner
electrode
(Platinum)
external electrode
(stainless steel)
insulant (Araldite epoxy)
 
                                                     
3The interparticle arrival time is defined as the time between the arrival of two successive particles. It is the 
time between two consecutive water-to-air interfaces. 
4With a single-threshold technique, an analysis based upon thresholded signals (or square-wave signals) 
tends to ignore the contributions of the smallest air-water particles. Herein, the correlation analyses were 
based upon raw probe voltage outputs. 
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(B) Signal output in shear layer - C = 0.116, F = 78.9 Hz, y/d1 = 1.29, Fr1 = 8.4, d1 = 0.013 m, x1 = 0.5 m, 
x-x1 = 0.1 m, W = 0.25 m 
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(C) Signal outputs in shear layer, transverse probe separation: z = 11.5 mm - C = 0.156, F = 136.7 Hz, y/d1 = 
0.91, Fr1 = 8.6, d1 = 0.024 m, x1 = 1.0 m, x-x1 = 0.2 m, W = 0.5 m 
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Fig. 3-3 - Cross-correlation function for two identical single-tip conductivity probes separated by a 
transverse distance z 
(A) Definition sketches 
 
 
3.4 Quality control, scan frequency and scan duration 
3.4.1 Quality control 
Phase-detection probes are very sensitive devices and they are susceptible to a number of problems. In the 
present study, the quality control procedure developed by TOOMBES (2002, pp. 70-72) was applied 
thoroughly. Specifically, the probe signals were checked systematically for (1) long-term signal decays often 
induced by probe tip contamination, (2) short-term signal fluctuations caused by debris and water impurities, 
(3) electrical noise and (4) non-representative samples. While most quality control procedure can be 
automatised, it must be stressed that human supervision and intervention are essential to validate each quality 
control step. 
The scan frequency and probe sensor size determines the resolution of intrusive phase-detection probe, in 
particular the accuracy of chord size measurement and minimum detectable air/water chord length. The 
minimum measurable chord size is the smallest of the probe sensor size and : 
 ∆ch  =  VFscan (3-4) 
where ch is the chord size, V is the velocity, and Fscan is the scan rate frequency. Conversely the minimum 
detectable chord time is 1/Fscan provided that the particles are larger than the sensor size. 
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(B) z = 2.9 mm, C = 0.37, F = 156 Hz, y/d1 = 1.47, Fr1 = 8, d1 = 0.024 m, x1 = 1.0 m, x-x1 = 0.1 m, W = 
0.25 m 
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(C) z = 11.5 mm, C = 0.36, F = 178 Hz, y/d1 = 1.12, Fr1 = 8.6, d1 = 0.024 m, x1 = 1.0 m, x-x1 = 0.1 m, W = 
0.5 m 
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3.4.2 Effect of scan rate and sampling duration 
A sensitivity analysis was performed systematically on the effects of sampling duration Tscan and sampling 
rate Fscan on hydraulic jump air-water properties, namely the void fraction and bubble count rate. Most 
sensitivity tests were conducted in the air-water shear layer region. The sampling time was selected within 
the range 0.7 ≤ Tscan ≤ 300 sec. and the sampling frequency was between 600 ≤ Fscan ≤ 80,000 Hz. Typical 
results are shown in terms of the sampling rate (Fig. 3-4) and sampling duration (Fig. 3-5). 
First the results showed that the sampling frequency had almost no affect on the void fraction for a given 
sampling duration (Tscan = 45 sec.) (Fig. 3-4). But the bubble count rate was drastically underestimated for 
sampling rates below 5 to 8 kHz (Fig. 3-4). Herein a sampling rate of 20 kHz was used for all the study. 
Second, for a scan rate of 20 kHz, the sampling duration had little effect on both void fraction and bubble 
count rate for scan periods longer than 30 to 40 seconds. In the present study, the typical scan duration was 
45 seconds. However, in the recirculation region, some scatter in terms of void fraction and bubble count rate 
was observed for sampling periods below 70 to 100 seconds. These were believed to be caused by the 
fluctuations in jump toe position, with typical observed frequencies of 0.5 to 2 Hz (see paragraph 4.). 
MOSSE and TOLVE (1998) reported similar fluctuations in void fraction associated with jump toe 
fluctuations. 
It must be stressed that the findings are specific to the present investigation in a hydraulic jump with partially 
developed inflow conditions and for the described single-tip conductivity probe. 
 
Fig. 3-4 - Effects of sampling rate on void fraction and bubble count rate measurements in hydraulic jumps 
for a 45 sec. sampling duration 
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Fig. 3-5 - Effects of sampling duration on air-water flow measurements in hydraulic jumps for a scan rate of 
20 kHz 
(A) Effect of sampling rate on void fraction 
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(B) Effect of sampling rate on bubble count rate 
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(C) Effect of sampling rate on median bubble chord time 
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3.5 Data accuracy 
The water discharge was measured with an accuracy of about 2% (5). 
The translation of the single-tip conductivity probe and Pitot tube  in the vertical direction was controlled 
with an error of less than 0.05 mm. The accuracy on the longitudinal probe position was estimated as ∆x < 
+/- 0.5 cm. The error on the transverse position of the probe was less than 1 mm. 
With the single-tip conductivity probe, the error on the air concentration (void fraction) measurements was 
estimated as : ∆C/C = 4 % for 0.05 < C < 0.95, ∆C/C ~ 0.002/(1 - C) for C > 0.95, and ∆C/C ~ 0.005/C for C 
< 0.05. The minimum detectable bubble chord time was about 0.05 ms for a data acquisition frequency of 20 
kHz per channel (Eq. (3-4)). 
 
3.6 Experimental procedure and inflow conditions 
Each series of experiments were undertaken in large-scale free-surface water channels. Upstream of each 
gate, the flow from a large reservoir passed through a system of screens and flow straighteners to ensure a 
quiescent and two-dimensional flow into the head tank immediately upstream of the gate. This arrangement 
generated in turn a well-defined shallow supercritical approach flow downstream of the gate. 
Preliminary clear water velocity measurements were performed in both flumes using a Prandtl-Pitot tube (3.3 
mm external diameter) (CHANSON and QIAO 1994, CHANSON and BRATTBERG 1997, CHANSON 
2001). Overall these results implied that the supercritical inflow was partially-developed for all flow 
conditions investigated in the present study. The relative boundary layer thickness δ/d1 for these studies is 
listed in Table 1-1. 
                                                     
5Both V-notch weir and Venturi meter were calibrated on-site with a volume per time technique. 
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Recent investigations of air entrainment in hydraulic jumps were performed with PIV, hot-film probes and 
phase-detection intrusive probes (Table 3-2). Herein the air-water flow properties were studied specifically 
using an instrumentation dedicated to local air-water flow measurements: single-tip conductivity probes 
(0.35 mm sensor, 20 kHz scanning rate) with a fine adjustment travelling mechanism (0.01 mm accuracy). 
The present study is focused in the developing air-water flow region: i.e., (x-x1)/d1 ≤ 20 where x is the 
longitudinal distance from the sluice gate, x1 is the distance from the gate to the jump toe and d1 is the 
upstream flow depth which was measured typically 10 to 20 cm upstream of the jump toe. For completeness, 
the position of the hydraulic jump toe oscillated longitudinally (section 4.1). The longitudinal position of 
each cross-section (x-x1) was taken as the distance from the mean toe position. The latter was time-averaged 
over a period significantly longer than the jump oscillation period, typically at least 1 to 2 minutes and 
sometimes up to 5 minutes. 
Further the two channels were designed to be geometrically similar based upon a Froude similitude with 
undistorted scale. The geometric scaling ratio was Lr = 2.0 between the narrow and wide channels (Table 3-
1). Similar experiments were conducted for identical Froude numbers Fr1 = V1/ g*d1 and relative channel 
width W/d1 where V1 is the supercritical upstream flow velocity, d1 is the inflow depth, W is the channel 
width and g is the gravity constant. Measurements were performed in hydraulic jumps with identical Froude 
numbers at identical cross-sections (x-x1)/d1 (Table 3-1). 
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Table 3-2 - Summary of instrumentation and data acquisition techniques used in past and present studies of 
air entrainment in hydraulic jump flows 
 
Reference Instrumentation Data acquisition Outputs 
(1) (2) (3) (4) 
RAJARATNAM 
(1962) 
Conductivity probe Analog integrator 
reading 
Void fraction 
RESCH and 
LEUTHEUSSER 
(1972) 
Conical hot-film probe DISA 
55A87 (0.6 mm sensor size) 
Scan rate: 2.5 kHz 
Scan duration: 102.4 
sec. 
Void fraction, Water 
velocity, Velocity 
fluctuations (hot-film) 
THANDAVESWARA 
(1974) 
Conductivity probe: double 
tip (4 mm tip spacing) 
Analog integrator 
reading 
Void fraction, Velocity 
BABB and AUS 
(1981) 
Conical hot-film probe DISA 
55R42 (0.4 mm sensor size) 
N/A Air content, Water 
velocity, Velocity 
fluctuations (hot-film) 
CHANSON (1995a,b) Conductivity probe: single tip 
(0.35 mm inner electrode) 
Analog integrator (30 
sec. time constant) 
reading for 3 minutes 
Void fraction 
MOSSA and TOLVE 
(1998) 
Video-imaging (CCD, 5 E+5 
pixels, 16.8 E+6 levels of 
grey per pixel) with live video 
image decoder and frame-
grabbing apparatus 
Scan rate: 25 
frames/sec. 
Void fraction 
CHANSON and 
BRATTBERG (1997, 
2000) 
Conductivity probe: double 
tip (0.025 mm inner electrode, 
8 mm tip spacing) 
Scan rate: 20 kHz 
Scan duration: 10 sec. 
Void fraction, Air-water 
velocity, Bubble count 
rate, Bubble chords 
MURZYN et al. 
(2005) 
Optical fibre probe (double 
tip, 0.010 mm Ø, 1 mm tip 
spacing) 
Scan rate < 1 MHz 
Scan duration: 120 
sec.(or 10,000 bubbles) 
Void fraction, Bubble 
count rate, Bubble 
chords 
Present study Conductivity probe: single tip 
(0.35-mm inner electrode) 
Scan rate: 20 kHz 
Scan duration: 45 sec. 
Void fraction, Bubble 
count rate, Bubble chord 
times 
 
Notes: F/D : fully-developed; N/A : not available; P/D : Partially-developed. 
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4. BASIC FLOW PATTERNS AND AIR-WATER FLOW PROPERTIES 
4.1 Flow patterns 
A hydraulic jump is the rapid transformation from rapid to fluvial flow. Such a sudden transition is 
characterised by the development of large-scale turbulence, surface waves and spray, energy dissipation and 
air entrainment. At the jump toe, air bubbles and air packets are entrained into a free shear layer 
characterised by intensive turbulence production, predominantly in vortices with horizontal axes 
perpendicular to the flow direction (Fig. 4-1 & 4-2). Air entrainment occurs in the form of air bubbles and air 
pockets entrapped at the impingement of the upstream jet flow with the roller. The air packets are broken up 
in very small air bubbles as they are entrained in the shear region which is characterised by large air content 
and maximum bubble count rates (paragraph 4.2). Once the entrained bubbles are advected into regions of 
lesser shear, bubble collisions and coalescence lead to larger air entities (bubbles, pockets) that are driven by 
buoyancy towards the free-surface. 
Air can be entrained by a combination of different mechanisms. If the inflow is aerated upstream of the 
intersection with the pool of water, the aerated layer at the jet free-surface is entrained past the impingement 
point. This process is also called pre-entrainment or two-phase flow air flux. Further an air layer is set into 
motion by shear friction next to the free-surface of the impinging flow and some air is trapped at the 
entrainment point. Another mechanism is the aspiration of the induction trumpet formed at the intersection of 
the water jet with the roller (i.e. jump toe). At the closure of the trumpet, air packets are entrapped and 
entrained within the shear flow (e.g. CHANSON and BRATTBERG 1998). 
 
Fig. 4-1 - Sketch of hydraulic jump flow with partially-developed inflow conditions 
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Fig. 4-2 - Photographs of hydraulic jumps with partially-developed inflow conditions 
(A) Fr1 = 5.3, Re1 = 7 E+4, d1 = 0.0265 m, x1 = 1 m, W = 0.5 m 
(A1) Sideview, flow from left to right 
 
 
(A2) Details of bubbly flow region (high-shutter speed: 1/1000 s) - Flow from left to right 
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(B) Fr1 = 8.5, Re1 = 9.8 E+4, d1 = 0.024 m, x1 = 1 m, W = 0.5 m 
(B1) General view, flow from right to left 
 
 
(B2) Details (high shutter speed: 1/1000 s) - Flow from right to left - Note air-water projections 
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In the recirculating region, strong unsteady flow reversal and recirculation occur. The location of the jump 
toe is consistently fluctuating around its mean position (see below) and some "vortex shedding" develops in 
the mixing layer. High-speed photographs show a significant number of air-water ejections above the mean 
"free-surface" of the roller (Fig. 4-2A2 & 4-2B2). The ejected packets re-attach rapidly to the jump roller and 
they are not always observed by eye. The bulk of the roller is further enhanced by the volume of entrained 
air. Visual observations suggest that the maximum roller height is about 10 to 20% larger than the 
downstream flow depth (i.e. conjugate depth) depending upon the inflow Froude numbers and experimental 
conditions. 
Further photographic evidences are presented in Appendix A. 
 
Jump toe fluctuations 
During the present experiments, the position of the hydraulic jump toe fluctuated with time within a 0.2 to 
0.5 m range depending upon the flow conditions. Measured toe pulsation frequencies Ftoe were typically 
about 0.5 to 2 Hz for the present study (Table 4-1, Figure 4-3). The jump toe pulsations are believed to be 
caused by the growth, advection and pairing of large scale vortices in the developing shear layer of the jump 
(LONG et al. 1991, HABIB et al. 1994). 
Figure 4-3 summarises the observations in terms of Strouhal number Ftoe*d1/V1 as function of the inflow 
Reynolds number ρw*V1*d1/µw. The data of LONG et al. (1991) and MOSSA and TOLVE (1998) are also 
reported in Figure 4-3. 
 
Table 4-1 - Experimental measurements of jump toe longitudinal fluctuations 
 
Ref. d1 W
d1
 
x1
d1
 
Fr1 ρw*
V1*d1
µw
Pulsation 
period 
(1/Ftoe) 
Ftoe*d1
V1
 
Remarks 
 m     sec.   
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
LONG et al. 
(1991) 
0.025 18.8 --     W = 0.47 m. Re-
analysis of Fig. 10. 
    9 1.1E+5 0.26 2.2E-2  
    8 9.8E+4 0.41 1.5E-2  
    6 7.4E+4 0.48 1.8E-2  
    4 4.9E+4 0.52 2.4E-2  
MOSSA and 
TOLVE (1998) 
0.0201 22.4 44.8 6.42 5.7 E+4 1.5 4.7 E-3 W = 0.45 m. P/D 
inflow conditions. 
Present study        P/D inflow 
conditions. 
 0.0129 19.4 38.8 8.4 3.8 E+4 0.79 5.5 E-3 W = 0.25 m. 
 0.0285 8.8 35.1 4.6 6.9 E+4 1.69 6.9 E-3 W = 0.25 m. 
 0.029 8.6 34.5 5.0 7.7 E+4 1.33 8.1 E-3 W = 0.25 m. 
 0.0253 9.9 39.5 7.5 9.4 E+4 0.79 8.6 E-3 W = 0.25 m. 
 0.0293 8.5 34.1 6.7 1.0 E+5 0.85 9.6 E-3 W = 0.25 m. 
 0.0265 18.9 37.7 7.3 9.8 E+4 0.63 1.1 E-2 W = 0.50 m. 
 0.0278 18.0 36.0 6.9 1.0 E+5 0.68 1.1 E-2 W = 0.50 m. 
 0.02385 21.0 41.9 8.6 9.8 E+4 0.50 1.1 E-2 W = 0.50 m. 
 0.0265 18.9 37.7 5.1 6.8 E+4 0.80 1.3 E-2 W = 0.50 m. 
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Notes: P/D : Partially-developed inflow; (--) : data not available. 
 
Fig. 4-3 - Hydraulic jump toe fluctuations : relationship between Strouhal and Reynolds numbers - 
Comparison with the data of LONG et al. (1991) and MOSSA and TOLVE (1998) 
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Effects of Reynolds number on air-water flow patterns 
In the present study, experiments with identical inflow Froude numbers were repeated in both channels with 
a geometric scaling ratio of 2:1 (Lr = 2). Visually the hydraulic jump flows were most energetic at the largest 
Reynolds numbers. This was clearly seen using high-shutter speed photographs (Fig. 4-4 & 4-5). Figure 4-
4A shows a typical shot taken in a small hydraulic jump (Fr1 = 5, Re1 = 2.5 E+4). Little air-water 
projections were observed. Figure 4-4B illustrates a larger hydraulic jump with an identical inflow Froude 
number (Fr1 = 5, Re1 = 6.8 E+4). High-speed photographs showed complicated flow patterns including 
numerous fluid ejections (Fig. 4-2B). Figure 4-5 presents similarly high-shutter speed photographs in 
hydraulic jumps with inflow Froude number Fr1 = 8.5. Figure 4-5A shows photographs in the narrow 
channel with inflow Reynolds number Re1 = 3.8 E+4, while Figure 4-5B illustrates air-water projections in 
the larger flume (Re1 = 9.8 E+4). 
The amount of air-water projections was drastically larger at the highest Reynolds numbers. This was 
associated with significant spray, splashing and waves that sometimes overtopped the channel walls. Spray 
droplets were seen commonly reaching height of more than 0.5 to 1 m above the invert at large inflow 
Reynolds numbers. 
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Fig. 4-4 - Photographs of air-water structures in hydraulic jump with partially-developed inflow conditions 
for Fr1 = 5.1 
(A) Fr1 = 5.14, Re1 = 2.5 E+4, d1 = 0.013 m, x1 = 0.5 m, W = 0.25 m - Flow from right to left, 1/60 s shutter 
 
 
(B) Fr1 = 5.1, Re1 = 6.8 E+4, d1 = 0.0265 m, x1 = 1.0 m, W = 0.5 m - Flow from right to left - High-shutter 
speed : 1/1000 s 
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Fig. 4-5 - Photographs of air-water structures in hydraulic jump with partially-developed inflow conditions 
for Fr1 = 8.5 
(A) Fr1 = 8.4, Re1 = 3.8 E+4, d1 = 0.013 m, x1 = 0.5 m, W = 0.25 m 
(A1) Sideview, flow from right to left (high-shutter speed: 1/2000 s) 
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(A2) Sideview, flow from right to left (shutter speed: 1/80 s) - Note the small air-water projection 
 
 
(B) Fr1 = 8.5, Re1 = 9.8 E+4, d1 = 0.024 m, x1 = 1.0 m, W = 0.50 m 
(B1) Sideview, flow from right to left (high-shutter speed: 1/1000 s) 
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(B2) Large air-water projection, flow from right to left (high-shutter speed: 1/1000 s) 
 
 
(B3) Close-up on the upper flow region, flow from right to left (high-shutter speed: 1/1000 s) 
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4.2 Distributions of void fraction and bubble count rate 
4.2.1 Basic results 
A hydraulic jump with partially-developed inflow is characterised by a turbulent shear layer with an 
advective diffusion region in which the air concentration distributions exhibit a peak in the turbulent shear 
region (RESCH and LEUTHEUSSER 1972, CHANSON 1995a, CHANSON and BRATTBERG 2000, 
MURZYN et al. 2005, Present study). This bubble diffusion region is very similar to that observed in two-
dimensional plunging jet flows (CUMMINGS and CHANSON 1997a,b, BRATTBERG and CHANSON 
1998). In both flow situations, air bubbles are entrained when the jet impact velocity exceeds a critical value 
Ve. For turbulent inflows, the inception velocity is about Ve = 1 to 2 m/s (CHANSON 1997, CUMMINGS 
and CHANSON 1999). For inflow velocities V1 greater than the onset velocity Ve, air packets are 
entrained/entrapped at the impact of the jet flow into the pool of water (plunge pool, roller). 
With both plunging jets and hydraulic jumps with partially-developed inflow, the advective diffusion air 
layer was documented experimentally (Fig. 4-6). With increasing distance (x-x1) from impingement, the 
peak void fraction Cmax decreased while the diffusion layer broadened. The advective diffusion layer did 
not coincide with the momentum shear layer (CUMMINGS and CHANSON 1997b, BRATTBERG and 
CHANSON 1998, CHANSON and BRATTBERG 2000). The non-coincidence illustrates a double diffusion 
process whereby air bubbles and momentum diffuse at different rates and in a different manner. The 
interactions between developing shear layer and air diffusion layer are complicated, and they are believed to 
be responsible for the existence of a peak Fmax in bubble count rate (Fig. 4-6). Experimental observations 
showed that the location where F = Fmax does not coincide with the locus of maximum void fraction. 
 
Fig. 4-6 - Air diffusion region in hydraulic jump with partially-developed inflow 
(A) Definition sketch 
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(B) Dimensionless distributions of void fraction and bubble count rate - Fr1 = 8.5, Re1 = 9.8 E+4, d1 = 0.024 
m, x1 = 1.0 m, W = 0.50 m, x-x1 = 0.3 m 
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In the air diffusion layer, the analytical solution of the advective diffusion equation for air bubbles yields the 
void fraction profile (CHANSON 1997, CUMMINGS and CHANSON 1997a): 
 C  =  
Qair
Qw
4 * π * D# * x - x1d1
 * 
⎝⎜
⎜⎛
⎠⎟
⎟⎞exp
⎝⎜
⎜⎛
⎠⎟
⎟⎞ - 1
4 * D#
 * 
⎝⎜
⎛
⎠⎟
⎞y
d1
 - 1
2
x - x1
d1
 + exp
⎝⎜
⎜⎛
⎠⎟
⎟⎞ - 1
4 * D#
 * 
⎝⎜
⎛
⎠⎟
⎞y
d1
 + 1
2
x - x1
d1
 
  (4-1) 
where Qair is the volume air flow rate, Qw is the water discharge, D# is a dimensionless diffusivity: 
D# = Dt/(V1*d1), Dt is the turbulent diffusivity which averages the effects of turbulent diffusion and of 
longitudinal velocity gradient, V1 is the inflow velocity, d1 is the inflow depth, x and y are the longitudinal 
and vertical distances measured from the channel intake and bed respectively, and x1 is the location of the 
jump toe (Fig. 4-1). Note that Equation (4-1) is valid for both two-dimensional supported plunging jet and 
hydraulic jump flows 
In practice, experimental data showed that the void fraction profiles are best predicted by an approximate 
form of Equation (4-1) : 
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1
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2
x - x1
d1
 Air diffusion layer  (4-2) 
where Cmax is the maximum air content in the turbulent shear layer region measured at y = YCmax above 
the bottom (Fig. 4-6). Equation (4-2) is compared with experimental data in Figures 4-6B, 4-7 and 4-8. 
In the present study Equation (4-2) was observed only for Re1 > 2.5 E+4. For lower inflow Reynolds 
numbers, the rate of air entrainment was weak and rapid air detrainment (1) destroyed any organised 
advective diffusion layer (Fig. 4-7A). 
 
4.2.2 Effects of Reynolds number and channel width 
Similar experiments were also repeated with identical inflow Froude numbers Fr1 and relative channel width 
W/d1, but different inflow Reynolds numbers Re1. The results showed systematically that the void fraction 
distributions had a similar shape in the advective diffusion layer, but for Re1 > 2.5 E+4. However the 
longitudinal variations in void fraction distributions showed a more rapid de-aeration of the jump associated 
with an upward shift of the advective diffusion layer at the lower Reynolds numbers for an identical Froude 
number and relative channel width (Fig. 4-8). Further lesser dimensionless bubble count rates were recorded 
at the lower Reynolds numbers, particularly in the air-water mixing layer. 
For Fr1 = 5 and Re1 = 2.5 E+4, the dimensionless bubble count rate F*d1/V1 was nearly 1/3rd of that 
measured in the larger flume with Fr1 = 5 and Re1 = 9.4 E+4 (Fig. 4-8A and 4-8B). For Fr1 = 8.5, the 
dimensionless bubble count rates in the smaller experiment were about 30 to 50% smaller than those 
recorded at larger Reynolds number in the large flume (Fig. 4-8C, 4-8D and 4-8E). 
Basically, present experiments demonstrated consistently some scale effects in terms of void fraction and 
bubble count rate distributions in the smaller experiments with Re1 < 4 E+4 for identical Froude numbers 
Fr1 and relative channel width W/d1. This is illustrated in Figure 4-8 presenting comparison in terms of 
dimensionless void fraction and bubble count rate in the developing flow region of hydraulic jumps with 
partially-developed inflow. 
In addition, some experiments were performed with identical inflow Froude and Reynolds numbers but with 
a different relative channel width W/d1. A comparison showed little effect of the channel width on void 
fraction and bubble count rate distributions, and bubble chord time distributions within 8 ≤ W/d1 ≤ 22 and 
for 0.25 ≤ W ≤ 0.50 m. 
 
4.2.3 Upper free-surface region 
In the upper region of the roller, the void fraction distributions tended to follow a solution of the bubble 
advection equation for a free-jet : 
                                                     
1Air detrainment is an upward advection of air bubbles towards the free-surface and the atmosphere, 
typically induced by buoyancy. 
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 C  =  
1
2 * ⎝⎜
⎛
⎠⎟
⎞
1  +  erf⎝⎜
⎛
⎠⎟
⎞1
2 * 
V1
Dt'
 * 
y - Y50
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 Upper free-surface  (4-3) 
where Y50 is the characteristic depth (m) where the void fraction is 50%, Dt' is the turbulent diffusivity of 
the upper interface and erf is the Gaussian error function : 
 erf(u)  =  
2
π  *  ⌡⌠0 
 u
 exp(- t2) * dt (4-4) 
Equation (4-2) was first derived by CHANSON (1989) (CHANSON 1997, BRATTBERG et al. 1998). It was 
developed for water jets discharging into air with an uniform velocity distribution, for a diffusivity Dt' that is 
assumed independent of the transverse direction y and which averages the effect of turbulence and 
longitudinal velocity gradient. Note that Dt' characterises the air bubble diffusion process at the upper free-
surface while, in Equations (4-1) and (4-2), the diffusivity Dt describes the advective diffusion process in the 
air-water shear layer downstream of a point source at x = x1 and y = d1 (i.e. jump toe). 
Strictly speaking, Equation (4-3) is not applicable to a hydraulic jump roller "free-surface", although it does 
fit the data (MURZYN et al. 2005, Present study) (Fig. 4-7A). It is shown in Figure 4-7A for curiosity but 
will not be considered afterwards. 
 
Fig. 4-7 - Dimensionless void fraction distributions in hydraulic jumps with partially-developed inflow 
(A) Fr1 = 5.1, Re1 = 2.5 E+4, d1 = 0.013 m, x1 = 0.5 m, W = 0.25 m - Comparison with Equation (4-3) 
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(B) Fr1 = 5.0, Re1 = 7.7 E+4, d1 = 0.029 m, x1 = 1.0 m, W = 0.25 m - Comparison with Equation (4-2) 
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(C) Fr1 = 5.0, Re1 = 6.8 E+4, d1 = 0.026 m, x1 = 1.0 m, W = 0.50 m - Comparison with Equation (4-2) 
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(D) Fr1 = 7.9, Re1 = 9.4 E+4, d1 = 0.024 m, x1 = 1.0 m, W = 0.25 m - Comparison with Equation (4-2) 
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Fig. 4-8 - Dimensionless distributions of void fraction and bubble count rates in hydraulic jumps with 
partially-developed inflow in two channels with 2:1 geometric scaling ratio 
(A) Fr1 = 5, W/d1 = 19, (x-x1)/d1 = 3.7 
Run Fr1 Re1 d1 x1 W x-x1 
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051202 5.1 6.8 E+4 0.026 1.0 0.50 0.10 
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(B) Fr1 = 5, W/d1 = 19, (x-x1)/d1 = 7.5 - Comparison with Equation (4-2) 
Run Fr1 Re1 d1 x1 W x-x1 
   m m m m 
051115 5.1 2.5 E+4 0.013 0.5 0.25 0.10 
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(C) Fr1 = 8.5, W/d1 = 19, (x-x1)/d1 = 4 - Comparison with Equation (4-2) 
Run Fr1 Re1 d1 x1 W x-x1 
   m m m m 
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(D) Fr1 = 8.5, W/d1 = 19, (x-x1)/d1 = 12 - Comparison with Equation (4-2) 
Run Fr1 Re1 d1 x1 W x-x1 
   m m m m 
051122 8.4 3.8 E+4 0.013 0.5 0.25 0.10 
051206 8.5 9.8 E+4 0.024 1.0 0.50 0.20 
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(E) Fr1 = 8.5, W/d1 = 19, (x-x1)/d1 = 16 - Comparison with Equation (4-2) 
Run Fr1 Re1 d1 x1 W x-x1 
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4.3 Discussion 
4.3.1 Characteristics of the advective diffusion layer 
Measured locations of maximum void fraction Cmax and bubble count rate Fmax, and associated air-water 
flow properties, are summarised in Table 4-2 and Figure 4-9. In Figure 4-9, experimental flow conditions are 
documented in the legend. 
Figures 4-9A and 4-9B present the longitudinal variations of maximum void fraction and maximum bubble 
count rate. The maximum air content in the shear layer region decreased with distance from the jump toe and 
the data followed closely both power law and exponential decay functions as shown by CHANSON and 
BRATTBERG (2000) and MURZYN et al. (2005). Similarly, the maximum bubble frequency was observed 
to decay exponentially with the distance from the impingement point. In Figure 4-3B, the data are compared 
with the empirical correlation of CHANSON and BRATTBERG (1997,2000): 
 
Fmax * d1
V1
  =  0.11687 * Fr1 * exp⎝⎜
⎛
⎠⎟
⎞
- 0.0415 * 
x - x1
d1
 for  
x - x1
d1
  <  30  (4-5) 
Despite some general agreement with earlier data sets and empirical correlations, Figures 4-9A and 4-9B 
illustrate some effect of the Reynolds number on air-water flow properties. In both Figures 4-9A and 4-9B, 
the data in the upper part of the graphs correspond to the largest Reynolds numbers, while the fastest decay 
in maximum void fraction and count rate occurred for the experiments with the lowest Reynolds numbers. 
The locations of maximum void fraction and bubble count rate are shown in Figures 4-9C and 4-9D. The 
experimental observations showed systematically that the locus of maximum void fraction YCmax was 
always higher than the location of maximum bubble count rate YFmax. Such a result was previously 
observed in hydraulic jumps (CHANSON and BRATTBERG 2000), in vertical supported plunging jets 
(BRATTBERG and CHANSON 1998) and in vertical circular plunging jets (CHANSON et al. 2004). These 
studies suggested that this finding was related to a double diffusion process whereas vorticity and air bubbles diffuse at 
a different rate and in a different manner downstream of the impingement point. In turn there would be some 
dissymmetry in turbulent shear stress across the bubbly flow region which would influence the characteristic bubble 
size and hence the number of bubbles for a given void fraction in the advective diffusion region. 
Present data are compared with the experimental data of CHANSON and BRATTBERG (1997,2000) and 
their empirical correlations: 
 
YCmax
d1
  =  1  +  0.10815 * 
x - x1
d1
 
x - x1
d1
  <  30  (4-6) 
 
YFmax
d1
  =  1  +  0.03457 * ⎝⎜
⎛
⎠⎟
⎞x - x1
d1
1.1738
  
x - x1
d1
  <  30  (4-7) 
where YCmax and YFmax are the vertical elevations where the void fraction and bubble count rate are 
maximum respectively. In both Figures 4-9C and 4-9D, the upper part of the graphs corresponds to the 
lowest inflow Reynolds number experiments. 
In Table 4-2, the last column (column 11) lists the values of dimensionless air bubble diffusivity deduced 
from the best data fit in the advective diffusion region. The order of magnitude is consistent with the earlier 
studies of CHANSON (1995a) and CHANSON and BRATTBERG (2000). 
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Fig. 4-9 - Longitudinal variations of maximum void fractions and bubble count rates in the advective 
diffusion layer of hydraulic jump with partially-developed inflow 
(A) Maximum void fraction Cmax - Experimental data (Present study, CHANSON and BRATTBERG 2000) 
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(B) Maximum dimensionless bubble count rate Fmax*d1/V - Comparison between experimental data 
(Present study, CHANSON and BRATTBERG 2000) and Equation (4-5) for Fr1 = 5 and 8.5 
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(C) Location of the maximum air content YCmax/d1 in hydraulic jump with partially developed inflow 
conditions: comparison between data (Present study, MURZYN et al. 2005, CHANSON and BRATTBERG 
1997,2000, CHANSON 1995, THANDASVEWARA 1974) and Equation (4-6) 
 
0
0.5
1
1.5
2
2.5
3
0 5 10 15 20
Fr1=5, Re1=2.5E+4 Run
051115
Fr1=5, Re1=7.7E+4 Run
051117
Fr1=5, Re1=6.8E+4 Run
051202
Fr1=8, Re1=9.4E+4 Run
051123-25
Fr1=8.5, Re1=3.8E+4 Run
051122
Fr1=8.5, Re1=9.8E+4 Run
051206
CHANSON&BRATTBERG
Fr1=6.3 Re1=3.3E+4
CHANSON&BRATTBERG
Fr1=8.5 Re1=4.4E+4
Correlation
THANDAVESWARA
CHANSON
Data trend MURZYN et al.
(x-x1)/d1
YCmax/d1
 
 
(D) Location of the maximum bubble count rate YFmax/d1 in hydraulic jump with partially developed 
inflow conditions: comparison between data (Present study, CHANSON and BRATTBERG 1997,2000) and 
Equation (4-7) 
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Table 4-2 - Experimental observations of air diffusion layer characteristics in hydraulic jump with partially-
developed inflow (Present study) 
 
Run Fr1 Re1 W
d1
 
x1
d1
 
x - x1
d1
 
Fmax*d1
V1
YFmax
d1
 
Cmax YCmax
d1
 
Dt
d1*V1
 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
051115 5.14 2.5E+4 18.8 38 1.5 0.33 1.4 N/A N/A N/A 
 5.14 2.5E+4 18.8 38 3.8 0.25 9.8 0.22 2.1 N/A 
 5.14 2.5E+4 18.8 38 7.5 -- -- 0.11 2.4 N/A 
051117 5.01 7.7E+4 8.6 34 1.4 1.81 1.4 0.364 1.3 0.015 
 5.01 7.7E+4 8.6 34 3.4 0.84 1.4 0.227 1.6 0.05 
 5.01 7.7E+4 8.6 34 6.9 0.62 1.4 0.168 1.8 0.035 
051122 8.37 3.8E+4 19.4 39 1.6 0.38 1.3 0.515 1.3 0.004 
 8.37 3.8E+4 19.4 39 3.9 0.48 1.3 N/A N/A N/A 
 8.37 3.8E+4 19.4 39 7.8 0.41 1.5 0.248 2.1 0.035 
 8.37 3.8E+4 19.4 39 11.6 0.28 1.7 0.172 2.8 0.055 
051123-25 7.90 9.4E+4 10.2 41 2.0 1.07 1.3 0.555 1.5 0.015 
 7.90 9.4E+4 10.2 41 4.1 1.08 1.5 0.415 1.8 0.037 
 7.90 9.4E+4 10.2 41 8.2 0.98 1.7 0.323 2.2 0.035 
 7.90 9.4E+4 10.2 38 17.6 0.74 2.1 0.176 2.9 0.04 
051202 5.09 6.8E+4 18.9 38 3.8 1.10 1.8 N/A N/A N/A 
 5.09 6.8E+4 18.9 38 7.5 0.83 1.5 0.279 1.9 0.02 
 5.09 6.8E+4 18.9 38 11.3 0.62 2.4 0.159 2.4 0.045 
051206 8.57 9.8E+4 21.0 42 4.2 1.11 1.12 N/A N/A N/A 
 8.57 9.8E+4 21.0 42 8.4 1.07 1.33 0.387 1.6 0.022 
 8.57 9.8E+4 21.0 42 12.6 1.00 1.3 0.319 1.7 0.024 
 8.57 9.8E+4 21.0 42 16.8 0.91 1.3 0.273 2.0 0.033 
 
Notes : Dt/(V1*d1) : dimensionless diffusivity satisfying Equation (4-2); N/A : not applicable; Italic data : 
suspicious, possibly incorrect data; (--) : data not available. 
 
4.3.2 Relationship between void fraction and bubble count rate 
Typical bubble count rate distributions are presented in Figures 4-6 to 4-8. At each cross-section, the bubble 
frequency distribution exhibited a characteristic shape with a maximum in the advective diffusion shear 
layer. 
At each cross-section, the bubble count rate distribution may be also presented as function of the void 
fraction. In the developing shear layer, the experimental data suggested that the relationship between bubble 
frequency and void fraction was not unique. For y < YCmax, the bubble count rate was always larger, for a 
given void fraction, than for y > YCmax (Fig. 4-10A). Figure 4-10B illustrates some experimental results. 
A similar finding was observed in the advective diffusion region of vertical plunging jets (BRATTBERG and 
CHANSON 1998), but it had not been documented in hydraulic jumps. The present finding is limited to the 
developing flow region of the advective diffusion zone and it was observed for all experiments but for Re1 ≤ 
2.5 E+4. This form of hysteresis between F and C must be related to dissymmetry in the momentum mixing 
layer including the position of maximum shear stress. For a given void fraction, the bubble count rate is 
larger in regions of high shear and large velocity. It may also be related to some form of interactions between 
entrained bubbles and turbulent structures. These interactions are likely responsible for the double diffusion 
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process whereas air bubbles and momentum diffuse at a different rate and in a different manner in the mixing 
layer as documented by RESCH and LEUTHEUSSER (1972) and CHANSON and BRATTBERG (2000). 
 
Fig. 4-10 - Dimensionless relationship between void fraction and bubble cont rate in the advective diffusion 
region 
(A) Definition sketch 
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(B) Experimental data - Fr1 = 8.5, Re1 = 9.8 E+4, d1 = 0.024 m, x1 = 1.0 m, W = 0.5 m 
0
1
2
0 0.2 0.4 0.6
(x-x1)/d1=4
(x-x1)/d1=8
(x-x1)/d1=12
C
F.d1/V1
 
 
 41 
5. BUBBLE/DROP CHORD TIME DISTRIBUTIONS 
5.1 Introduction 
Bubble chord times were recorded for a range of flow conditions. The bubble chord time is proportional to 
the bubble chord length and inversely proportional to the velocity. In a complicated flow such as a hydraulic 
jump where flow reversal and recirculation exist, phase-detection intrusive probe cannot discriminate 
accurately the direction nor magnitude of the velocity. Most single- and dual-tip probes are designed to 
measure positive velocities only and the probe sensor would be affected by wake effects during flow 
reversal. Therefore only air/water chord time data are presented herein. A full statistical summary is detailed 
in Appendix B. 
Note that air/water chord times are shown in milliseconds. For a 1 m/s particle velocity, a 1 msec. chord time 
would correspond to a 1 mm particle chord length. 
 
5.2 Bubble chord time distributions 
5.2.1 Basic results 
In the bubbly flow region, air chord times were recorded. Small bubble chord times corresponded to small 
bubbles passing rapidly in front the probe sensor, while large chord times implied large air packet flowing 
slowly past the probe sensor. For intermediate chord times, there were a wide range of possibilities in terms 
of bubble sizes depending upon the bubble velocity. 
Figures 5-1 and 5-2 show normalised bubble chord time distributions in hydraulic jumps for two inflow 
Froude numbers. For each figure, the legend provides the location (x-x1, y/d1), local air-water flow 
properties (C, F), and number of recorded bubbles Nab while the caption lists the chord time interval. The 
histogram columns represent each the probability of droplet chord time in a chord time interval. For example, 
with a 0.5 msec. chord time interval, the probability of bubble chord time from 1 to 1.5 msec. is represented 
by the column labelled 1 msec.. Bubble chord times larger than 15 msec. are regrouped in the last column (> 
15). Most data are presented with 0.5 mm and 1 mm bubble chord time intervals. 
First note the broad spectrum of bubble chord time at each location. The range of bubble chord time 
extended over several orders of magnitude, including at low void fractions, from less than 0.1 msec. to more 
than 30 msec.. 
Second the distributions were skewed with a preponderance of small bubble chord time relative to the mean. 
In Figure 5-1, the probability of bubble chord time is the largest for chord times between 1 and 4 msec.. In 
Figure 5-2, the mode is about 0.5 to 1.5 msec. owing to larger velocities at higher Froude and Reynolds 
numbers than for the flow conditions corresponding to Figure 5-1. The probability distribution functions of 
bubble chord time tended to follow in average a log–normal distribution, although a gamma distribution 
provided also a good fit. Note that a similar finding was observed in plunging jet flows (e.g. CUMMINGS 
and CHANSON 1997b, CHANSON et al. 2004). 
Third, let us observe that the bubble chord time distributions had a similar shape at most location y/d1 
regions although the air-water structures may differ substantially. 
Figure 5-3 present vertical distributions of median chord times at several longitudinal locations for two 
inflow Froude numbers. A comparison between Figures 5-3A and 5-3B suggests that bubble chord times 
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were in average larger at low inflow Froude number, reflecting lower flow velocities. Vertical distributions 
of median chord time showed however very similar shapes. At a given streamwise position (x-x1), a sharp 
increase in bubble chord time was observed in the developing shear layer (0.8 < y/d1 < 2.5 in Fig. 5-3). 
While this might result from lower advective velocity of the vortical structures, it is expected also to reflect 
the presence of large air packets entrapped at the jump toe and advected in the mixing layer. 
The shape of vertical distributions of median chord times was close to vertical distribution of mean Sauter 
diameter presented by MURZYN et al. (2005). In that study, bubble chord times were transformed into 
bubble diameter using the time-average velocity measured with a dual-tip optical fibre probe (1 mm between 
tips) (2). 
 
Fig. 5-1- Bubble chord time distributions in the bubbly flow region - Fr1 = 5.1, Re1 = 6.8 E+4, d1 = 0.0265 
m, x1 = 1.0 m, W = 0.50 m, 1 msec. chord time intervals 
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(B) x-x1 = 0.30 m 
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2It is unclear what were the velocity data, hence bubble diameters, in recirculation regions where flow 
reversal and negative velocities occurred. 
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Fig. 5-2 - Bubble chord time distributions in the bubbly flow region - Fr1 = 8.5, Re1 = 9.8 E+4, d1 = 0.024 
m, x1 = 1.0 m, W = 0.50 m, 0.5 msec. chord time intervals 
(A) x-x1 = 0.20 m 
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(B) x-x1 = 0.30 m 
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5.2.2 Effects of channel width and inflow Reynolds numbers 
In the present study, some experiments were performed with identical inflow Froude and Reynolds numbers 
but with a different relative channel width W/d1. A comparison of bubble chord time distributions showed 
basically no effect of the channel width on the chord time distributions for 9 ≤ W/d1 ≤ 21. 
Similar experiments were also repeated with identical inflow Froude numbers Fr1 and relative channel width 
W/d1, but different inflow Reynolds numbers Re1. The results showed systematically that the bubble chord 
time distributions had a similar shape for all Reynolds numbers. Quantitatively, the bubble chord times were 
similar. That is, the chord times were not scaled by Lr where Lr is the geometric scaling ratio, as it should 
for a Froude similitude. In the smaller channel, a Froude similitude would imply that the chord time be 1/ 2 
smaller than in the larger model (for Lr = 2). Further the chord time distributions at larger Reynolds numbers 
were comparatively broader than those at low Reynolds numbers for an identical inflow Froude number and 
identical locations (i.e. (x-x1)/d1, y/d1). 
Figure 5-4 shows a comparison of bubble chord time distributions for identical inflow Froude number and 
relative channel width at two characteristic locations : i.e., y = YFmax and y = YCmax corresponding 
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respectively to where the bubble count rate was maximum and the void fraction was maximum in the 
advective diffusion layer. 
 
Fig. 5-3 - Median bubble chord time distributions in hydraulic jump bubbly flow region 
(A) Fr1 = 5.1, Re1 = 6.8 E+4, d1 = 0.0265 m, x1 = 1.0 m, W = 0.50 m 
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(B) Fr1 = 8.5, Re1 = 9.8 E+4, d1 = 0.024 m, x1 = 1.0 m, W = 0.50 m 
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Fig. 5-4 - Bubble chord time distributions in the bubbly flow region - Fr1 = 8.5, d1 = 0.024 m, x1/d1 = 40, 
(x-x1)/d1 = 12, W/d1 = 20, 0.5 msec. chord time intervals, Re1 = 3.8 E+4 and 9.8 E+4 
(A) Comparison at location where bubble count rate is maximum F = Fmax 
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(B) Comparison at location where void fraction is maximum C = Cmax in the advective diffusion layer 
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5.2.3 Clustering, particle grouping and air-water flow structure 
In addition of void fraction, bubble count rate and bubble chord time distributions, the signal data acquisition 
may provide some information on the structure of the air-water flow including bubble clustering. A 
concentration of bubbles within some relatively short intervals of time may indicate some clustering or it 
may be the consequence of a random occurrence. A study of clustering events may be useful to infer if the 
formation frequency responds to some particular frequencies of the flow (e.g. LUONG and SOJKA 1999, 
NOYMER 2000, MARTINEZ-BAZAN et al. 2002). Figure 5-5 shows some time series of bubble chord time 
measurements during the present study for the same flow conditions but at two different longitudinal 
locations. Each data set was recorded at the vertical location where bubble count rate was maximum (y = 
YFmax). Inspection of these data indicates that there could be some clustering effects. Figure 5-6 shows the 
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occurrence of pairing in time for the same flow conditions and at the same locations at in Figure 5-5. The 
binary pairing indicator is unity if the water chord time between adjacent bubbles is less than 10% of the 
median water chord time. The pattern of vertical lines seen in Figure 5-6 is an indication of patterns in which 
bubbles tend to form bubble "platoons". Some differences in patterns are clearly visible between the two 
cross-sections (Fig. 5-6A & 5-6B). The formation of grouplets appears to increase with increasing 
downstream distance. 
 
Fig. 5-5 - Time records of bubble entrained in the developing shear layer of hydraulic jump - Fr1 = 8.5, Re1 
= 9.8 E+4, d1 = 0.024 m, x1/d1 = 40, W = 0.50 m 
(A) (x-x1) = 0.20 m, y/d1 = 1.33, C = 0.357, F = Fmax = 186 Hz 
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(B) (x-x1) = 0.40 m, y/d1 = 1.33, C = 0.20, F = Fmax = 158 Hz 
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Fig. 5-6 - Closely spaced bubble pairs in the developing shear layer of hydraulic jump - Fr1 = 8.5, Re1 = 9.8 
E+4, d1 = 0.024 m, x1/d1 = 40, W = 0.50 m 
(A) (x-x1) = 0.20 m, y/d1 = 1.33, C = 0.357, F = Fmax = 186 Hz 
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(B) (x-x1) = 0.40 m, y/d1 = 1.33, C = 0.20, F = Fmax = 158 Hz 
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One approach is based upon the analysis of liquid chord between two adjacent gas particles. If two bubbles 
are closer than a particular length scale, they can be considered a group of bubbles. The characteristic water 
length scale may be related to the water chord statistics : e.g., CHANSON and TOOMBES (2002) defined a 
bubble cluster when the water chord was less than 10% of the mean water chord. It may be related to the 
bubble size itself, since bubbles within that distance are in the near-wake and may be influenced by the 
leading particle (i.e. NOYMER 2000, CHANSON 2002b, CHANSON et al. 2002). 
A typical result is presented in Figure 5-7. Figure 5-7A shows the vertical distribution of the  number of 
clusters per seconds (upper horizontal axis), and Figure 5-7B presents the vertical distributions of the 
percentage of bubbles in clusters (lower horizontal axis) and average number of bubbles per cluster (upper 
horizontal axis) in the advective diffusion region. The criterion for cluster existence was a water chord time 
less than 10% of the median water chord time. The results showed that, in average, about 5 to 10% of all 
bubbles were part of a cluster structure, and the average number of bubbles per cluster was about 2.1. That is, 
most clusters consisted of two bubbles only. This analysis is however restricted to the streamwise 
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distribution of bubbles and does not take into account particles travelling side by side. 
The percentage of bubbles in clusters is relatively small. In plunging jet flows (CHANSON et al. 2002), 
dropshafts (CHANSON 2002b, GUALTIERI and CHANSON 2004) and skimming flow on stepped chutes 
(CHANSON and TOOMBES 2002, CHANSON and GONZALEZ 2004), an average of 20 to 30% of 
entrained bubbles were parts of cluster structures. The difference may be caused by some difference in 
cluster definition. It would be likely that the result highlighted also some unique features of air-water flow 
structures in hydraulic jump flow. 
 
Fig. 5-7 - Bubble clustering in the bubbly flow region : percentage of bubbles in clusters, average number of 
bubbles per cluster and number of clusters per seconds - Fr1 = 8.5, Re1 = 9.8 E+4, d1 = 0.024 m, x1/d1 = 40, 
(x-x1)/d1 = 12, W/d1 = 20, 0.5 msec. chord time intervals - Cluster criterion : water chord time < 10% 
median water chord time 
(A) Dimensionless distributions of percentage of bubbles in clusters, void fraction and average number of 
clusters per seconds 
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(B) Dimensionless distributions of percentage of bubbles in clusters and average number of bubbles per 
cluster 
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For a dispersed phase, another complementary approach is based upon an interparticle arrival time analysis. 
The interparticle arrival time is defined as the time between the arrival of two consecutive bubbles recorded 
by a probe sensor fixed in space. The distribution of interparticle arrival time may provide some information 
on the randomness of the structure (e.g. EDWARDS and MARX 1995a,b, LUONG and SOJKA 1999, 
NOYMER 2000, HEINLEIN and FRITSCHING 2005). It was argued that "steady" (3) dispersed flows are 
those whose interparticle arrival time distributions follow inhomogeneous Poisson statistics (e.g. EDWARDS 
and MARX 1995a, NOYMER 2000). That is, the interparticle time distribution function in steady-random 
dispersed flows is : 
 f(t)  =  
λ * (Tscan - t) * exp(- λ * t)
λ * Tscan  -  1  +  exp(- λ * Tscan)) (5-1) 
where t is the interparticle arrival time, Tscan is the sampling time, λ is an intensity function (λ = Nab/Tscan) 
and Nab is the number of particles (FRITSCHING and HEINLEIN 2004, HEINLEIN and FRITSCHING 
2005). Equation (5-1) would describe an ideal dispersed flow driven by a superposition of Poisson processes 
of bubble sizes (4). Deviations from a Poisson process indicate some unsteadiness (5) and particle clustering 
                                                     
3The term "steady" means "random" while the word "unsteady" refers to "not random" (LUONG and SOJKA 
1999). 
4Note that the result is based upon the assumption of non-interacting point particles (EDWARDS and MARX 
1995a,b). 
5For a truly random process, clustering is to be expected (EDWARDS and MARX 1995a). 
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which may be quantified by a Chi-square analysis (6). 
Typical results in terms of interparticle arrival time distributions are shown in Figure 5-8 for the same flow 
conditions and at the same cross-section as the data presented in Figure 5-7. The data are compared with 
Equation (5-1) and Chi-square values are given in each figure caption. In Figure 5-8, each graph corresponds 
to some sampling at different vertical heights in the advective diffusion region. The results showed the 
bubbles did not experience a steady behaviour : experimental and theoretical distributions differed 
substantially in shape. In Figure 5-8B, the expected deviations of a steady, random mixture are shown. The 
sampling statistics of the experiment was : 8000 bubbles in 60 equal-count bins which imply an expected 
count of 133 bubbles per bin of and an expected deviation of 133 bubbles per bin (7). The expected 
variation in bin height for this sampling is about 17%. In Figure 5-8B, bubbles with interparticle times less 
than 2.5 to 3 msec. does not show a true random behaviour. 
In practice, this analysis is best conducted by breaking down the bubbly flow into narrow classes of particles 
of comparable sizes that are expected to have the same behaviour (EDWARDS and MARX 1995b). The 
simplest is to divide the bubble population in terms of the air chord time (8). Figure 5-9 illustrates some 
interparticle arrival time results for four chord time classes (or bins) of the same sample (0 to 0.5 msec., 0.5 
to 1.5 msec., 1.5 to 3 msec. and 3 to 5 msec.) for the flow conditions and at the location of the data samples 
shown in Figure 5-8B. The range of these classes corresponds to an Eötvös number between about 0.03 and 
30, where the Eötvös number (9) is defined as : ρw*g*(tch*V1)2/σ with tch is the chord time and V1 is the 
                                                     
6A significance test for data sets is the Chi-square (χ2) test. Considering n intervals of equal probability the 
number of random data and the number of theoretical data in the category i are denoted respectively 
ni  =  number of data in category i (i.e. αi-1 < y < αi) and nPi  =  number of theoretical data. The χ2 is the 
sum of the deviations squared, divided by the expected number of values : 
 χ2  =  ∑
i = 1
n
 
(ni - nPi)2
nPi
 
Large values of χ2 mean large deviations between the random distribution and the theoretical distribution. 
The value of χ2 can be also compared with values in a statistical table to determine the significance of the 
deviations. 
Note that a number of requirements must be met (e.g. LUONG and SOJKA 1999, p. 94). First the expected 
number of observed values in each size class must be greater than 5. Second, since the derivation of the chi-
square equation is based upon the central limit theorem, the total number of particles must be greater than 30. 
7For a Poisson process, the expected deviation of the results caused by the random nature of the theoretical 
bubbly flow is determined by taking the reciprocal of the square root of the number of events in that 
interparticle time bin (EDWARDS and MARX 1995b, LUONG and SOJKA 1999). 
8Within a class of particles, the interparticle arrival time is defined herein as the arrival time only for the 
bubble pairs in the same chord time class, as suggested by LUONG and SOJKA (1999). 
9The Eötvös number, or Bond number, or Laplace number, may be rewritten as the ratio of a Weber number 
to a Froude number (COMOLET 1979). 
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inflow velocity that is a measure of the velocity gradient across the mixing layer. 
For each class of bubble sizes, a comparison between data and Poisson distribution gives some information 
on its steadiness (or randomness), within the assumptions underlying the derivation of the Poisson 
distribution. For example, Figure 5-9A shows some data for bubble chord times below 0.5 mec.. It is clear 
that the bubbles did not experience a random behaviour because the experimental and theoretical 
distributions differ substantially in shape. Noting that the expected deviation of a steady bubbly mixture from 
the theoretical curve for that sample was about +/- 15%, the second smallest interparticle time class (0.5-1 
msec.) had a population that was 2.5 times the expected value or about 11 standard deviations too large. This 
indicates that there was a higher probability of having bubbles with shorter interparticle arrival times, hence 
some bubble clustering occurred. Simply the smallest class of bubble chord times did not exhibit the 
characteristics of a random process. 
Present results showed that some differences between experimental and theoretical curves. The deviations 
were the largest for the smallest bubble chord times (less than 3 sec.) as reflected by Chi-square test results 
(e.g. Fig. 5-9). Since the small bubble chord times were dominant in the lower flow region and shear region, 
it was seen that the differences between experimental and theoretical curves tended to decrease with 
increasing vertical heights as reflected by the Chi-square values (Fig. 5-8). Generally, the results showed that 
the magnitude of experimental time distribution was much greater than the steady theoretical interparticle 
time distribution for interparticle time between 0.5 and 3 msec. which corresponded to the statistical mode. 
In other words, the deviations from a Poisson process highlighted that some bubble clustering occurred with 
the smallest bubbles (chord times < 3 msec.) and it was unlikely that the observed clustering was due to a 
random process. 
 
Altogether both approaches are complementary, but the interparticle arrival time analysis gives greater 
insight on the range of particle sizes affected by clustering. It is believed to be a first step towards a better 
characterisation of air-water flow structures in turbulent shear flows. 
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Fig. 5-8 - Interparticle arrival time distributions in the bubbly flow region : comparison between data and 
Poisson distribution - Fr1 = 8.5, Re1 = 9.8 E+4, d1 = 0.024 m, x1/d1 = 40, (x-x1)/d1 = 12, W/d1 = 20, 0.5 
msec. chord time intervals 
(A) y/d1 = 0.698, C = 0.094, 4511 bubbles, χ2 = 2437 
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(B) y/d1 = 1.327, C = 0.353, 8000 bubbles, χ2 = 1068 - Expected deviations from the Poisson distribution 
for this sample are shown in dashed lines 
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(C) y/d1 = 1.746, C = 0.387, 5341 bubbles, χ2 = 665 
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(D) y/d1 = 2.166, C = 0.341, 2936 bubbles, χ2 = 219 
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Fig. 5-9 - Interparticle arrival time distributions in the bubbly flow region for different classes of air bubble 
chord times with comparison between data and Poisson distribution - Fr1 = 8.5, Re1 = 9.8 E+4, d1 = 0.024 
m, x1/d1 = 40, (x-x1)/d1 = 12, W/d1 = 20, 0.5 msec. chord time intervals, y/d1 = 1.327, C = 0.353, 8000 
bubbles 
(A) Interparticle arrival time distributions for air bubble chord times between 0 and 0.5 msec., 3055 bubbles, 
χ2 = 461 - Expected deviations from the Poisson distribution for this sample are shown in dashed lines 
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(B) Interparticle arrival time distributions for air bubble chord times between 0.5 and 0.5 msec., 2370 
bubbles, χ2 = 457 - Expected deviations from Poisson distribution for this sample are shown in dashed lines 
Interparticle arrival time (msec.)
PD
F
0 1.5 3 4.5 6 7.5 9 10.5 12 13.5 15 16.5 18 19.5 21 22.5 24 25.5 27 28.5 30
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
0.05
0.055
0.06
0.065
0.07
0.075
0.08
0.085
y/d1 = 1.33, C = 0.353, 8000 bubbles
Air chord time bin: 0.5-1.5 msec.
Data
Poisson distribution
 
 55 
(C) Interparticle arrival time distributions for air bubble chord times between 1.5 and 3 msec., 1017 bubbles, 
χ2 = 212 - Expected deviations from the Poisson distribution for this sample are shown in dashed lines 
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(D) Interparticle arrival time distributions for air bubble chord times between 3 and 5 msec., 581 bubbles, χ2 
= 110 - Expected deviations from the Poisson distribution for this sample are shown in dashed lines 
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5.3 Water chord data in spray/mist region 
Visual observations showed a substantial amount of air-water projections and splashing above the roller, 
particularly at large Reynolds numbers. Most structures were water and water-and-air packets surrounded by 
air (Fig. 4-2, 4-4 & 4-5). In self-aerated interfacial flows (e.g. spillway chute flow), the spray/mist is 
commonly defined as the air-water flow region in which the liquid fraction is less than 10% (i.e. C > 0.90) 
(see below). By analogy with this approach, the same definition is applied herein for the spray/mist region. 
Figures 5-10 and 5-11 show droplet chord time distributions at various positions above the roller for two 
inflow Froude numbers. For each figure, the caption provides the local air-water flow properties (C, F) and 
the number of recorded droplets Nab during the scan period (t = 45 s). The histogram columns represent each 
the probability of droplet chord time in a 0.5 millisecond interval. For example, the probability of water drop 
chord time from 1 to 1.5 msec. is represented by the column labelled 1 msec. Drop chord times larger than 15 
msec. are regrouped in the last column (> 15). 
First, note the broad spectrum of droplet chord time at each location (Fig. 5-10 & 5-11). The range of drop 
chord times extends over several orders of magnitude from less than 0.5 msec. to more than 15 msec.. Such a 
range would correspond to tiny droplets flowing at high velocity to large water packets moving at low speed 
past the probe. 
Second the number of droplets was small at low liquid fractions implying that longer scan durations are 
required to gain a better description of the spray/mist statistical properties. 
 
Fig. 5-10 - Drop chord time distributions in the spray/mist region - Fr1 = 5.1, Re1 = 6.8 E+4, d1 = 0.0265 m, 
x1 = 1.0 m, W = 0.50 m 
(A) x-x1 = 0.1 m 
Experiment x - x1 Location Run y/d1 C F Nab 
 m     Hz  
051202 0.100 100 10 3.4585 0.902 12.1 543 
   11 3.8358 0.986 2.1 95 
   13 4.7792 0.997 0.5 21 
0
0.1
0.2
0.3
0.4
0.5
0.6
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 > 
15
y/d1=3.46, C=0.90, F=12.1 Hz, 543 drops
y/d1=3.84, C=0.986, F=2.1 Hz, 95 drops
y/d1=4.78, C=0.997, F=0.5 Hz, 21 drops
PDF
Droplet chord time (msec.)
Run 051202, Fr = 5.1, Re1 = 6.8 E+4, W/d1 = 19, x1 = 1 m, x-x1 = 0.1 m, 45 sec. scan duration
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(B) x-x1 = 0.2 m 
Experiment x - x1 Location Run y/d1 C F Nab 
 m     Hz  
051202 0.200 200 10 4.9679 0.961 4.8 219 
   11 5.7226 0.985 1.2 53 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 > 
15
y/d1=4.97, C=0.961, F=4.8 Hz, 219 drops
y/d1=5.77, C=0.985, F=1.2 Hz, 53 drops
PDF
Droplet chord time (msec.)
Run 051202, Fr = 5.1, Re1 = 6.8 E+4, W/d1 = 19, x1 = 1 m, x-x1 = 0.2 m, 45 sec. scan duration
 
 
(C) x-x1 = 0.3 m 
Experiment x - x1 Location Run y/d1 C F Nab 
 m     Hz  
051202 0.300 300 10 6.100 0.974 2.3 105 
   11 7.043 0.999 0.1 6 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 > 
15
y/d1=6.1, C=0.974, F=2.3 Hz, 105 drops
y/d1=7.04, C=0.999, F=0.1 Hz, 6 drops
PDF
Droplet chord time (msec.)
Run 051202, Fr = 5.1, Re1 = 6.8 E+4, W/d1 = 19, x1 = 1 m, x-x1 = 0.3 m, 45 sec. scan duration
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Fig. 5-11 - Drop chord time distributions in the spray/splashing region - Fr1 = 8.5, Re1 = 9.8 E+4, d1 = 
0.025, x1 = 1.0 m, W = 0.50 m 
(A) x-x1 = 0.1 m 
Experiment x - x1 Location Run y/d1 C F Nab 
 m     Hz  
051206 0.100 100 13 3.843 0.932 12.1 543 
   14 4.681 0.989 3.1 141 
0
0.1
0.2
0.3
0.4
0.5
0.6
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 > 
15
y/d1=3.84, C=0.932, F=12.1 Hz, 543 drops
y/d1=4.68,  C=0.989, F=3.1 Hz, 141 drops
PDF
Droplet chord time (msec.)
Run 051206, Fr = 8.5, Re1 = 9.8 E+4, W/d1 = 21, x1 = 1 m, x-x1 = 0.1 m, 45 sec. scan duration
 
 
(B) x-x1 = 0.2 m 
Experiment x - x1 Location Run y/d1 C F Nab 
 m     Hz  
051206 0.200 200 14 5.520 0.927 10.4 467 
   15 6.567 0.977 3.5 159 
0
0.1
0.2
0.3
0.4
0.5
0.6
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 > 
15
y/d1=5.52, C=0.927, F=10.4 Hz, 467 drops
y/d1=6.57, C=0.977, F=3.5 Hz, 159 drops
PDF
Droplet chord time (msec.)
Run 051206, Fr = 8.5, Re1 = 9.8 E+4, W/d1 = 21, x1 = 1 m, x-x1 = 0.2 m, 45 sec. scan duration
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(C) x-x1 = 0.3 m 
Experiment x - x1 Location Run y/d1 C F Nab 
 m     Hz  
051206 0.300 300 13 5,52 0.907 14.4 650 
   14 6.78 0.987 2.7 120 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 > 
15
y/d1=5.52, C=0.907, F=14.4 Hz, 650 drops
y/d1=6.78, C=0.987, F=2.7 Hz, 120 drops
PDF
Droplet chord time (msec.)
Run 051206, Fr = 8.5, Re1 = 9.8 E+4, W/d1 = 21, x1 = 1 m, x-x1 = 0.3 m, 45 sec. scan duration
 
 
(D) x-x1 = 0.4 m 
Experiment x - x1 Location Run y/d1 C F Nab 
 m     Hz  
051206 0.400 400 12 6.149 0.906 13.4 602 
   13 6.987 0.959 5.5 249 
   15 8.874 0.985 2.2 98 
0
0.1
0.2
0.3
0.4
0.5
0.6
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 > 
15
y/d1=6.15, C=0.91, F=13.4, 602 drops
y/d1=6.99, C=0.959, F=5.5 Hz, 249 drops
y/d1=8.87, C=0.985, F=2.2 Hz, 98 drops
PDF
Droplet chord time (msec.)
Run 051206, Fr = 8.5, Re1 = 9.8 E+4, W/d1 = 21, x1 = 1 m, x-x1 = 0.4 m, 45 sec. scan duration
 
 
Discussion 
The study of spray and splashing remains limited in high-velocity water flows. Some researchers used visual 
techniques (10), while others used intrusive phase detection probes (CHANSON 1999b, TOOMBES 2002, 
HONG et al. 2004). Observations in highly turbulent open channel flows suggested that the spray region 
                                                     
10That is, photography (HOYT and TAYLOR 1976,1977), infra-red sensors (AUGIER 1996, KADEM 2005) 
and video-observations (WU and FAETH 1995, WU et al. 1995). 
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(defined as C > 0.7) may be sub-divided into three sub-zones (CHANSON 1999b, TOOMBES 2002, 
CHANSON and GONZALEZ 2004). That is, (1) a spray/splashing region consisting of water droplets and 
entities surrounded by air (0.7 < C < 0.9); (2) a spray/mist region (0.9 < C < 0.99) with smaller densities of 
water droplets, and (3) an outer "foggy/aerosol" region with very-fine water droplets. 
In the spray region, drop formation results from surface distortion, tip-streaming of ligaments and 
interactions between eddies and free-surface (e.g. HOYT and TAYLOR 1977, REIN 1998). The formation 
and ejection of a droplet must be associated with a transfer of turbulent kinetic energy from the main flow. 
Once a droplet is ejected, its ejection process is the dominant effect because the droplet response time is 
nearly two orders of magnitude larger than the air flow response time. The energy of each droplet is a 
combination its potential energy and kinetic energy, although NIELSEN (2004, Pers. Comm.) suggested 
possibly some pressure increase induced by surface tension. 
In an open channel flow, the energy flux per unit area in the spray at a point M(x,y) equals : 
 ρw * (1 - C) * V * g * ⎝⎜
⎛
⎠⎟
⎞
y  +  
V2
2 * g  +  
4 * σ
ρw * g * dwd  (6-2) 
where ρw is the water density, C is the void fraction and (1-C) is the liquid fraction, V is the velocity, y is 
the vertical elevation measured above a reference level, σ is the surface tension and dwd is a characteristic 
droplet diameter. In Equation (6-2), the three terms in the brackets are proportional respectively the potential 
energy, the kinetic energy and some pressure work induced by capillary forces. Note that the liquid fraction 
(1-C) accounts for the droplet density in Equation (6-2). 
For millimetric droplets (e.g. dwd = 3 mm, V = 2 m/s, y = 100 mm), the contribution of each term would 
correspond to a total head (11) of 100, 205 and 10 mm of water respectively for the three terms in brackets. 
The last term would become significant for sub-millimetric droplets only. Basically, in a hydraulic jump flow 
such as in the present study, the potential energy and kinetic energy contribute most to the energy flux in the 
spray. 
 
                                                     
11That is, the total energy per unit mass. 
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6. AIR-WATER TIME AND LENGTH SCALES 
6.1 Presentation 
Correlation analyses were performed for some experiments during which two identical probes were used 
(Table 6-1). Each probe sensor was located at the same vertical and streamwise distances y and x 
respectively. The reference probe was placed on the channel centreline while the second probe was separated 
in the transverse direction by a known distance z. Auto- and cross-correlation analyses were performed on 
the raw probe output signals. Basic results included the maximum cross-correlation coefficient (Rxy)max, 
and the integral time scales Txx and Txy where : 
 Txx  =  ⌡⌠
τ=0 
 τ=τ(Rxx=0)
Rxx(τ) * dτ (6-1) 
 Txy  =  ⌡⌠
τ=τ(Rxy=(Rxy)max)  
   τ=τ(Rxy=0)
 Rxy(τ) * dτ (6-2) 
where Rxx is the normalised auto-correlation function, τ is the time lag, and Rxy is the normalised cross-
correlation function between probe output signals (Fig. 3-3, paragraph 3.3). Present experimental flow 
conditions are summarised in Table 6-1. 
Such results complement "traditional" air-water flow measurements such as void fraction and bubble count 
rate. All correlation analysis results are reported in Appendices C and D. 
 
Table 6-1 - Experimental measurements in hydraulic jump with two identical probes separated transversally 
by a known distance z (Present study) 
 
Run d1 W Fr1 Re1 W
d1
 
x1
d1
 
x - x1
d1
 
z Series Remarks 
  m      mm   
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
051123-25 0.0245 0.25 7.90 9.4E+4 10.2 41 2.0 10.5 050 Glass sidewalls and bed. 
       4.1 2.9 100C  
       4.1 10.5 100B  
       4.1 17 100A  
       8.2 2.9 200B  
       8.2 10.5 200  
       17.6 10.5 355  
051202 0.0265 0.50 5.09 6.8E+4 18.9 38 3.8 11.5 100 Glass walls and PVC bed. 
       7.5 11.5 200  
       11.3 11.5 300  
051206 0.0238 0.50 8.57 9.8E+4 21.0 42 4.2 11,5 100 Glass walls and PVC bed. 
       8.4 11.5 200  
       12.6 11.5 300  
       16.8 11.5 400  
 
Notes : d1 : inflow depth; Fr1 : inflow Froude number; W : channel width; Partially-developed inflow 
conditions. 
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6.2 Transverse time scales 
Maximum cross-correlations and transverse time scales are presented in Figures 6-1, 6-2 and 6-3. Figure 6-1 
shows the vertical dimensionless distributions of maximum cross-correlations at one location ((x-x1)/d1 = 
4.1) for several transverse spacings z, where x-x1 is the streamwise distance from the jump toe and d1 is the 
inflow depth. The dimensionless void fraction distribution is also shown. Figure 6-2 presents the vertical 
distributions of integral time scales for several transverse spacings for the same flow conditions and at the 
same cross-section as the data shown in Figure 6-1. Note that the integral time scales are presented in 
dimensional forms (units: milliseconds) with a logarithmic scale. Figure 6-3 presents vertical distributions of 
maximum cross-correlation at several streamwise locations in the bubble shear region for a known spacing z 
(z/d1 = 0.43). 
The results showed that the cross-correlation functions exhibited clearly a marked maximum in the advective 
diffusion region (Fig. 3-3). In the recirculation region and upper region of the roller, no clearly-defined 
maximum was observed and no further correlation analysis could be conducted. In the advective diffusion 
region of the jump, the maximum cross-correlation (Rxy)max was a function of transverse spacing. Typically 
it decreased with increasing transverse spacing z (Fig. 6-1). Within the range of investigations (Table 6-1), 
the maximum cross-correlations dropped sharply for z > 0.015 m (i.e. z/d1 > 0.6) for (x-x1)/d1 ≤ 20. 
The auto-correlation time scales were consistently larger than the transverse time scales. The latter (Txy) 
decreased with increasing transverse spacings. This is seen in Figure 6-2. For transverse spacings greater 
than about 0.015 m (z/d1 > 0.6), the integral time scale (Txy) decreased very rapidly (Fig. 6-2). The result 
was consistent with lower maximum cross-correlations, and it showed that any transverse length scale of the 
bubbly shear flow must be smaller than 0.015 m or 0.6 * d1. 
For the present study, the maximum cross-correlation was about constant for a given spacing z for (x-x1)/d1 
< 15 independently of the inflow Froude number (Fig. 6-3), and it tended to decrease slightly for 15 < (x-
x1)/d1 < 20. No measurement was performed for 20 < (x-x1)/d1. 
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Fig. 6-1 - Maximum cross-correlation (Rxy)max distributions in hydraulic jump with partially-developed 
inflow conditions for several transverse distances z - Fr1 = 7.9, Re1 = 9.4 E+4, d1 = 0.0245 m, x1 = 1.0 m, 
W = 0.25 m, x-x1 = 0.1 m 
0
1
2
3
4
5
6
0 0.2 0.4 0.6 0.8 1
Void fraction
C Theory shear layer
(Rxy)max z = 2.9 mm
(Rxy)max z = 10.5 mm
(Rxy)max z = 17 mm
y/d1
C, (Rxy)max
 
 
Fig. 6-2 - Transverse time scales Txx and Txy in hydraulic jump with partially-developed inflow conditions 
for several transverse distances z - Fr1 = 7.9, Re1 = 9.4 E+4, d1 = 0.0245 m, x1 = 1.0 m, W = 0.25 m, x-x1 = 
0.1 m 
0
1
2
3
4
5
6
0 0.2 0.4 0.6 0.8 1
0.01 0.1 1 10 100
Void fraction
C Theory shear layer
Txy z = 2.9 mm
Txy z = 10.5 mm
Txy z = 17 mm
Txx
y/d1
C
Txx, Txy (msec.)
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Fig. 6-3 - Distributions of maximum cross-correlation (Rxy)max in a hydraulic jump with partially-
developed inflow conditions at several streamwise locations for a known spacing z 
(A) Fr1 = 5.1, Re1 = 6.8 E+4, d1 = 0.0265 m, x1 = 1.0 m, W = 0.50 m, z = 11.5 mm 
0
0.5
1
1.5
2
2.5
0 0.1 0.2 0.3 0.4 0.5
x-x1 = 0.1 m
x-x1 = 0.2 m
x-x1 = 0.3 m
y/d1
(Rxy)max
z = 11.5 mm
 
 
(B) Fr1 = 7.9, Re1 = 9.4 E+4, d1 = 0.0245 m, x1 = 1.0 m, W = 0.25 m, z = 10.5 mm 
0
1
2
3
4
0 0.1 0.2 0.3 0.4 0.5
x-x1 = 0.05 m
x-x1 = 0.10 m
x-x1 = 0.20 m
x-x1 = 0.43 m
y/d1
(Rxy)max
z = 10.5 mm
 
 
6.3 Transverse air-water length scales 
For several experiments, the maximum cross-correlation coefficient (Rxy)max was obtained with several 
transverse spacing, identical flow conditions and identical locations. A transverse air-water length scale Z 
was then calculated as : 
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 Z  =  ⌡⌠
z=0   
 zmax
(Rxy)max * dz (6-3) 
where the transverse air-water length sale Z is a function of the inflow conditions and streamwise position 
(x - x1), and zmax is a distance for which (Rxy)max tends to zero. MOUAZE et al. (2005) used such a 
transverse length scale to characterise a free-surface fluctuation length scale. In the present study, Equation 
(6-3) was integrated up to zmax = 0.025 m. All the results are given in Appendix D. Importantly the analysis 
could only be performed at locations where cross-correlation calculations were meaningful. In the 
recirculation region and at some other locations, these calculations were unsuccessful for a number of 
reasons (App. C). 
Typical results in terms of dimensionless transverse length scale Z/d1 are presented in Figure 6-4. The 
measured void fraction distributions are also shown in Figure 6-4. The results showed that the transverse air-
water length scale Z/d1 was about 0.25 to 0.4. The data exhibited no obvious correlation with void fraction 
nor bubble count rate. But they tended to show a slight increase with increasing vertical height : 
 
Z
d1
  =  0.2141 +  0.0526 * 
y
d1
 0.3  <  
y
d1
  <  3.3  (6-4) 
where y is the vertical distance from the invert and d1 is the inflow depth. 
Importantly the results suggest that  
 
Fig. 6-4 - Distributions of dimensionless air-water transverse length scales Z/d1 in a hydraulic jump with 
partially-developed inflow conditions - Fr1 = 7.9, Re1 = 9.4 E+4, d1 = 0.0245 m, x1 = 1.0 m, W = 0.25 m 
(A) x-x1 = 0.1 m 
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(B) x-x1 = 0.2 m 
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6.4 Discussion 
Some researchers studied fundamental processes affecting free-surface deformations and air-water free-
surfaces : e.g., SARPKAYA (1996), CHANSON 1997, BROCCHINI and PEREGRINE (2001), MOUAZE 
et al. (2005). To date, however, no result was reported on characteristic length scales in bubbly shear flows 
and it is believed that the present results are unique. 
What is the transverse air-water length scale Z ? It is the writer's opinion that the length scale Z is a measure 
of the transverse length scale of vortical structure advecting air bubbles in the hydraulic jump roller. Indeed, 
in the bubbly shear layer of hydraulic jumps, turbulent length scales are closely links with the characteristics 
of the large vortical structures and their vortex shedding. This was evidenced by high-speed photographs 
demonstrated air trapping in the large eddies of the developing mixing layer (e.g. HOYT and SELLIN 1989, 
CHANSON 1997). Present results emphasise that the transverse air-water length scales are closely related to 
the inflow depth : i.e., Z/d1 = 0.25 to 0.4 (e.g. Fig. 6-4). The result was irrespective of inflow Froude and 
Reynolds numbers with the range of the experiments, 
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7. CONCLUSION 
New air-water flow measurements were performed in hydraulic jumps with partially-developed flow 
conditions (Table 7-1). The experiments were performed in relatively large-size facilities with phase-
detection probes. Two single-tip conductivity probes were used simultaneously to characterise transverse air-
water length scales in the developing flow region. Further originality of the study included the use of two 
channels in which similar experiments were performed with identical Froude numbers V1/ g*d1 and 
relative channel width W/d1, but different inflow Reynolds numbers ρw*V1*d1/µw. Identical experiments 
were also performed with identical Froude and Reynolds numbers, but different channel widths. The 
experimental range of the investigations was 5 ≤ Fr1 ≤ 8.5, 2.5 E+4 ≤ Re1 ≤ 9.8 E+4 and 8 ≤ W/d1 ≤ 22 
(Tables 3-1 & 7-1). 
 
In hydraulic jumps with partially-developed inflow conditions, void fraction distributions showed the 
presence of an advection/diffusion shear layer in which the air concentration distributions followed an 
analytical solution of the diffusion equation for air bubbles. A similar pattern was previously observed in 
plunging jet flows and hydraulic jumps. However present results demonstrated that the advective diffusion 
layer was observed only for Re1 > 2.5 E+4. For smaller inflow Reynolds numbers, the air entrainment rate 
was relatively weak and air detrainment tended to dominate the air-water flow pattern. 
 
In the developing shear region, bubble chord time distributions showed a broad range of chord times. The 
distributions were skewed with a preponderance of bubble chord times smaller than the mean. The entrained 
bubble chord times were not scaled up based upon a Froude similitude. Further, broader distributions were 
observed at larger Reynolds numbers. 
 
Experimental results suggested that the relative channel width had little effect on the air-water flow 
properties for identical inflow Froude and Reynolds numbers within 8 ≤ W/d1 ≤ 22 and for 0.25 ≤ W ≤ 0.50 
m. 
 
Similar experiments with identical inflow Froude numbers and relative channel widths were conducted with 
a true geometric scaling ratio of Lr = 2 (i.e. 2:1 scale). The results showed drastic scale effects in the smaller 
hydraulic jump in terms of void fraction, bubble count rate and bubble chord time distributions. Void 
fraction distributions implied comparatively greater detrainment at low Reynolds numbers yielding to lesser 
overall aeration of the jump roller. Dimensionless bubble count rates were significantly lower in the smaller 
channel, especially in the mixing layer. Bubble chord times were similar in both channels. That is, they were 
not scaled according to a Froude similitude. 
 
A cluster analysis of bubble grouping was performed. Overall there was little bubble clustering in the air-
water shear layer region. However, an interparticle arrival time analysis suggested that some bubble 
clustering may occur preferentially for small bubbles with chord times below 3 msec. for the investigated 
flow conditions. 
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Transverse air-water length scales were integrated from correlation analyses. The result provided some 
length scale of the vortical structures advecting air bubbles in the developing shear layer. The results showed 
that the transverse integral length scale was related to the inflow depth irrespective of the inflow Froude and 
Reynolds numbers. The dimensionless transverse length scale Z/d1 was typically between 0.25 and 0.4. 
 
Future works 
The present study complemented earlier works : e.g., MOSSA and TOLVE (1998), CHANSON and 
BRATTBERG (2000), MURZYN et al. (2005). It shows that the hydraulic jump is a fascinating two-phase 
flow that is still poorly understood, with complicated air-water flow structures, and strong interactions 
between entrained air and vortical structures. 
In the present study, correlation and cluster analyses were a coarse, preliminary approach. It is believed that 
the present study was a first application to complicated free-surface air-water flows. More systematic 
applications to other turbulent shear flows may bring new insights into complex interactions between free-
surface and turbulence. 
It is worth noting that the present study did not account for the characteristics of the instrumentation in the 
physical scaling. The size of the probe sensor, scanning rate and scan duration were identical in all 
experiments. In other words, the probe sensor size was not scaled down in the small size experiments. This 
aspect might be detrimental to a true similitude study. 
 
Table 7-1 - Summary of experimental investigations 
 
Run Qw d1 W x1 Fr1 Re1 W
d1
 
Remarks 
 m3/s m m m     
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
051115 0.0617 0.0133 0.25 0.5 5.1 2.5 E+4 19  
051122 0.01935 0.0129 0.25 0.5 8.4 3.8 E+4 8.6  
051117 0.0096 0.029 0.25 1.0 5.01 7.7 E+4 19  
051123-25 0.0237 0.0245 0.25 1.0 7.9 9.5 E+4 10 z = 2.9, 10.5, 17 mm. 
051202 0.0344 0.0265 0.5 1.0 5.1 6.8 E+4 19 z = 11.5 mm. 
051206 0.0494 0.0238 0.5 1.0 8.6 9.8 E+4 21 z = 11.5 mm. 
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 A-1 
APPENDIX A - PHOTOGRAPHS OF AIR-WATER FLOW PATTERNS IN HYDRAULIC 
JUMPS WITH PARTIALLY-DEVELOPED INFLOW CONDITIONS 
All photographs were taken by Hubert CHANSON. 
 
Fig. A-1 - Photographs of stationary hydraulic jumps 
(A) Fr1 = 5.14, Qw = 0.00617 m3/s, W = 0.25 m, d1 = 0.0133 m, x1 = 0.50 m - Flow from right to left 
(A1) General view - Flow direction from right to left 
 
 
 A-2 
(A2) Details of the air-water shear layer - Flow direction from right to left 
 
 
(B) Fr1 = 5.1, Qw = 0.0344 m3/s, W = 0.50 m, d1 = 0.0265 m, x1 = 1.0 m 
(B1) General view - Flow from left to right - Flow direction from right to left 
 
 A-3 
(B2) Details of the air-water shear layer (high shutter speed: 1/1000 s) - Flow from left to right 
 
 
 
 
 A-4 
 
 
(C) Fr1 = 8.4, Qw = 0.0129 m3/s, W = 0.25 m, d1 = 0.0129 m, x1 = 0.50 m - Flow from right to left 
(C1) General view - Flow direction from right to left 
 
 
 A-5 
(C2) Details of the air-water shear layer - Flow direction from right to left 
 
 
(D) Fr1 = 8.6, Qw = 0.0494 m3/s, W = 0.25 m, d1 = 0.02385 m, x1 = 1 m  
(D1) General view - Flow from left to right 
 
 A-6 
(D2) Details of the air-water shear layer (high shutter speed: 1/1000 s) - Flow from right to left 
 
 
 
 A-7 
(D3) Details of air-water ejections above the roller - Flow from right to left 
 
 
(D4) Details of air-water ejections above the roller, view from above - Flow from bottom right to top left 
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(E) Fr1 = 8, Qw = 0.0237 m3/s, W = 0.25 m, d1 = 0.0245 m, x1 = 1 m  
(E1) General view - Flow from right to left 
 
 
(E2) Details of the air-water shear layer (high-shutter speed : 1/1000 s) - Flow from right to left 
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APPENDIX B - AIR-WATER FLOW MEASUREMENTS IN HYDRAULIC JUMPS WITH 
PARTIALLY-DEVELOPED INFLOW CONDITIONS 
B.1 Presentation 
Detailed air-water flow measurements were performed for a range of experiments. All experiments were 
performed in horizontal rectangular channels and Table B-1 summarises the range of investigations. 
Experimental data are presented in terms of void fractions, bubble count rates and chord time statistical 
moments in the following paragraphs. 
 
Table B-1 - Experimental flow conditions 
 
Run d1 W Fr1 Re1 W
d1
 
x1
d1
 
x - x1
d1
 
Remarks 
  m       
(1) (2) (3) (4) (5) (6) (7) (8) (8) 
051115 0.0133 0.25 5.14 2.5E+4 18.8 38 1.5 Glass sidewalls and bed. 
       3.8  
       7.5  
051117 0.0129 0.25 5.01 7.7E+4 8.6 34 1.4 Glass sidewalls and bed. 
       3.4  
       6.9  
051122 0.029 0.25 8.37 3.8E+4 19.4 39 1.6 Glass sidewalls and bed. 
       3.9  
       7.8  
       11.6  
051123-25 0.0245 0.25 7.90 9.4E+4 10.2 41 2.0 Glass sidewalls and bed. 
       4.1  
       8.2  
       17.6  
051202 0.0265 0.50 5.09 6.8E+4 18.9 38 3.8 Glass sidewalls and PVC bed. 
       7.5  
       11.3  
051206 0.0238 0.50 8.57 9.8E+4 21.0 42 4.2 Glass sidewalls and PVC bed. 
       8.4  
       12.6  
       16.8  
 
Note : partially-developed inflow conditions. 
 
Notation 
C void fraction defined as the volume of air per unit volume of air and water; it is also called air 
concentration or local air content; 
d water depth (m); 
d1 flow depth (m) measured immediately upstream of the hydraulic jump; 
F air bubble count rate (Hz) or bubble frequency defined as the number of detected air bubbles per 
unit time; 
Fr1 upstream Froude number: Fr1 = qw/ g * d1
3 ; 
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g gravity acceleration (m/s2) : g = 9.80 m/s2 in Brisbane (Australia); 
Nab number of bubbles used to calculate air and water chord time statistics; 
Qw water discharge (m3/s); 
qw water discharge per unit width (m2/s); 
Re1 inflow Reynolds number : Re1  =  ρw * 
V1 * d1
µw ; 
V1 upstream flow velocity (m/s): V1 = qw/d1; 
W channel width (m); 
y distance (m) measured normal to the flow direction; 
z transverse distance (m) from the channel centreline; 
µ dynamic viscosity (Pa.s); 
ρ density (kg/m3); 
∅ diameter (m); 
 
Subscript 
w water flow; 
1 upstream flow conditions; 
 
Abbreviations 
Kurt kurtosis (or excess kurtosis); 
Skew skewness; 
Std standard deviation. 
 
B.2 Experiment 051115 
 
Location : University of Queensland (Australia) 
Date : Nov. 2005 
Experiments by : H. CHANSON 
Data processing by: H. CHANSON 
Data analysis by : H. CHANSON 
Experiment 
characteristics : 
Channel: length: 3.2 m, width: 0.25 m, slope: 0º (horizontal). Open channel 
with glass sidewalls and glass bottom. 
Qw = 0.00617 m3/s, x1 = 0.5 m, d1 = 0.01323 m, Fr1 = 5.14, Re1 = 2.5 
E+4 
Instrumentation : Single-tip conductivity probe. 
Scan rate: 20 kHz per probe sensor, Sampling duration: 60 sec. 
Comments : Inflow conditions : partially-developed inflow. 
 
(x-x1) = 0.020 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.020 0.0187 0.169 -- -- -- -- -- -- -- -- -- -- 
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 0.0207 0.29 -- -- -- -- -- -- -- -- -- -- 
 0.0227 0.292 -- -- -- -- -- -- -- -- -- -- 
 0.0247 0.377 -- -- -- -- -- -- -- -- -- -- 
 0.0267 0.432 -- -- -- -- -- -- -- -- -- -- 
 0.0287 0.48 -- -- -- -- -- -- -- -- -- -- 
 0.0307 0.438 -- -- -- -- -- -- -- -- -- -- 
 0.0337 0.55 -- -- -- -- -- -- -- -- -- -- 
 0.0367 0.775 -- -- -- -- -- -- -- -- -- -- 
 0.0397 0.871 -- -- -- -- -- -- -- -- -- -- 
 0.0427 0.9 -- -- -- -- -- -- -- -- -- -- 
 0.0457 0.94 -- -- -- -- -- -- -- -- -- -- 
 0.0517 0.986 -- -- -- -- -- -- -- -- -- -- 
 0.0177 0.076 -- -- -- -- -- -- -- -- -- -- 
 0.0197 0.139 -- -- -- -- -- -- -- -- -- -- 
 0.0217 0.207 -- -- -- -- -- -- -- -- -- -- 
 0.0067 0 0.1 -- -- -- -- -- -- -- -- -- 
0.02 0.0097 0.0004 0.4 20 0.825 0.3481 0.40 -0.18 1663.7 2418.8 1.39 1.27 
 0.0127 0.005 4.2 189 0.9 0.956 1.88 4.38 120.73 311.27 2.39 7.58 
 0.0157 0.034 20.9 940 1.15 1.6703 3.46 20.19 24.1 59.62 2.42 7.96 
 0.0177 0.107 39.5 1779 1.6 4.1143 5.81 46.20 12.65 28.736 3.10 16.78 
 0.0187 0.231 46.4 2088 2.15 11.083 6.98 61.70 8.15 21.527 2.71 11.42 
 0.0197 0.231 44.1 1983 2.65 10.98 8.50 95.35 9.325 21.822 2.54 8.59 
 0.0207 0.291 37.1 1670 3.2 17.382 6.56 56.19 9.15 25.764 2.52 7.68 
 0.0217 0.267 32.2 1449 3.85 17.518 6.81 65.53 9.725 33.216 2.86 10.29 
 0.0227 0.358 28.9 1301 4.85 25.018 4.70 26.68 10.35 31.811 3.02 12.99 
 0.0237 0.243 29.0 1304 4.1 16.111 7.02 76.92 11.45 36.129 2.49 7.30 
 0.0247 0.272 26.1 1175 4.35 20.468 5.52 40.90 12.55 40.058 2.78 9.87 
 0.0267 0.375 27.5 1238 4.65 28.268 5.55 41.58 11.45 33.687 4.35 35.26 
 0.0287 0.493 27.4 1232 4.55 40.852 6.16 59.38 8.7 25.294 2.70 10.91 
 0.0337 0.846 15.1 681 5.3 135.94 5.08 38.01 4.45 15.092 2.63 8.80 
 0.0387 0.98 2.7 120 12.85 821.04 5.18 36.61 2.65 11.737 2.43 6.37 
 0.0437 0.998 0.2 9 2333.5 8657.7 2.47 6.54 0.675 18.026 1.46 0.22 
 0.0182 0.1883 45.4 9083 1.925 9.5242 8.95 111.16 9.8938 21.785 2.42 8.42 
 0.0212 0.2825 33.5 6705 3.8195 17.363 5.76 44.95 9.5625 30.582 2.64 8.82 
 
(x-x1) = 0.050 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.050 0.0067 0.002 -- -- -- -- -- -- -- -- -- -- 
 0.0117 0.012 -- -- -- -- -- -- -- -- -- -- 
 0.0167 0.042 -- -- -- -- -- -- -- -- -- -- 
 0.0197 0.077 -- -- -- -- -- -- -- -- -- -- 
 0.0217 0.115 -- -- -- -- -- -- -- -- -- -- 
 0.0237 0.14 -- -- -- -- -- -- -- -- -- -- 
 0.0257 0.155 -- -- -- -- -- -- -- -- -- -- 
 0.0277 0.186 -- -- -- -- -- -- -- -- -- -- 
 0.0297 0.188 -- -- -- -- -- -- -- -- -- -- 
 0.0317 0.191 -- -- -- -- -- -- -- -- -- -- 
 0.0337 0.366 -- -- -- -- -- -- -- -- -- -- 
 0.0357 0.476 -- -- -- -- -- -- -- -- -- -- 
 0.0377 0.479 -- -- -- -- -- -- -- -- -- -- 
 0.0397 0.706 -- -- -- -- -- -- -- -- -- -- 
 0.0417 0.82 -- -- -- -- -- -- -- -- -- -- 
 0.0447 0.889 -- -- -- -- -- -- -- -- -- -- 
 0.0477 0.937 -- -- -- -- -- -- -- -- -- -- 
 0.0517 0.966 -- -- -- -- -- -- -- -- -- -- 
 0.0567 0.986 -- -- -- -- -- -- -- -- -- -- 
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 0.0617 0.993 -- -- -- -- -- -- -- -- -- -- 
0.05 0.0167 0.043 22.5 1013 1.4 1.8164 3.53 24.63 23.075 54.904 2.54 8.95 
 0.0217 0.131 35.5 1292 3.775 8.9594 5.38 48.84 12.5 41.146 3.22 15.61 
 0.0247 0.184 28.7 1156 4.125 12.781 5.12 48.08 12.1 46.708 3.25 15.23 
 0.0277 0.217 25.7 1156 4.125 12.781 5.12 48.08 12.1 46.708 3.25 15.23 
 0.0307 0.286 25.1 1130 4.65 19.416 3.89 19.99 12.85 38.256 2.28 5.83 
 0.0337 0.473 28.4 1276 4.725 34.651 5.68 49.81 8.45 27.017 2.79 9.90 
 0.0377 0.626 25.1 1129 5.05 52.406 4.80 34.70 7.25 20.155 2.46 9.20 
 0.0417 0.756 19.2 863 5.25 78.685 3.50 16.07 6 17.664 2.22 5.99 
 0.0287 0.183 22.7 1020 4.35 12.36 5.30 44.58 16.65 49.452 2.55 8.22 
 
(x-x1) = 0.10 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.10 0.0067 0.004 -- -- -- -- -- -- -- -- -- -- 
 0.0117 0.011 -- -- -- -- -- -- -- -- -- -- 
 0.0167 0.029 -- -- -- -- -- -- -- -- -- -- 
 0.0217 0.051 -- -- -- -- -- -- -- -- -- -- 
 0.0267 0.08 -- -- -- -- -- -- -- -- -- -- 
 0.0317 0.11 -- -- -- -- -- -- -- -- -- -- 
 0.0367 0.112 -- -- -- -- -- -- -- -- -- -- 
 0.0417 0.121 -- -- -- -- -- -- -- -- -- -- 
 0.0467 0.309 -- -- -- -- -- -- -- -- -- -- 
 0.0517 0.512 -- -- -- -- -- -- -- -- -- -- 
 0.0567 0.78 -- -- -- -- -- -- -- -- -- -- 
 0.0617 0.916 -- -- -- -- -- -- -- -- -- -- 
 0.0667 0.968 -- -- -- -- -- -- -- -- -- -- 
 0.0717 0.991 -- -- -- -- -- -- -- -- -- -- 
 
B.3 Experiment 051117 
 
Location : University of Queensland (Australia) 
Date : Nov. 2005 
Experiments by : H. CHANSON 
Data processing by: H. CHANSON 
Data analysis by : H. CHANSON 
Experiment 
characteristics : 
Channel: length: 3.2 m, width: 0.25 m, slope: 0º (horizontal). Open channel 
with glass sidewalls and glass bottom. 
Qw = 0.01935 m3/s, x1 = 1.0 m, d1 = 0.029 m, Fr1 = 5.0, Re1 = 7.7 E+4 
Instrumentation : Single-tip conductivity probe. 
Scan rate: 20 kHz per probe sensor, sampling duration: 45 sec. 
Comments : Initial conditions : partially-developed inflow. 
 
(x-x1) = 0.040 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.04 0.0117 0.0048 5.4 241 0.65 0.8013 1.93 4.49 7.675 352.45 3.09 12.01 
0.04 0.0177 0.018 15.3 690 0.75 1.5208 6.27 73.70 4.3 123.97 3.38 15.33 
0.04 0.0237 0.0622 42.5 1914 0.85 1.8383 3.28 14.81 4.05 36.225 2.60 9.44 
0.04 0.0297 0.1224 66.5 2994 1 2.4741 3.27 14.67 3.5 14.598 2.65 10.33 
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0.04 0.0337 0.21 95.2 4283 1.15 3.2488 4.53 34.10 3.525 11.6 2.56 8.22 
0.04 0.0357 0.339 95.5 4297 1.55 5.8259 5.58 54.42 3.2 9.5134 2.81 10.17 
0.04 0.0377 0.364 89.0 4007 1.7 6.8872 5.32 52.97 3.275 10.698 3.50 17.32 
0.04 0.0417 0.331 70.7 3181 1.95 7.7536 4.15 24.44 4.15 13.859 3.10 12.75 
0.04 0.0437 0.333 66.9 3010 2.15 8.3474 4.54 31.74 4.3 14.845 3.38 16.32 
0.04 0.0457 0.376 53.9 2425 3 12.086 5.73 60.66 4.95 19.331 4.96 42.60 
0.04 0.0477 0.318 51.6 2321 2.45 11.676 6.04 57.80 5.4 20.867 4.18 29.71 
0.04 0.0517 0.445 42.0 1891 3.3 28.706 8.86 106.98 5.825 20.616 3.86 21.73 
0.04 0.0557 0.298 40.3 1814 3.15 12.833 4.99 40.96 7.25 27.148 3.77 20.91 
0.04 0.0617 0.583 36.6 1648 3.825 39.427 5.93 46.77 5.05 17.355 3.33 15.14 
0.04 0.0717 0.733 29.4 1324 4.15 68.773 7.48 83.72 4.6 13.516 4.02 28.26 
0.04 0.0817 0.629 32.0 1442 3.85 73.354 14.37 290.85 4.9 19.968 4.06 22.60 
0.04 0.0917 0.7878 21.5 968 4.225 112.81 7.27 70.37 4.4 15.134 3.37 15.32 
0.04 0.1017 0.8294 19.0 856 3.8 104.53 3.85 21.37 4 13.847 3.39 18.14 
0.04 0.1217 0.9762 2.8 126 6.425 800.04 3.26 12.16 3.55 13.837 3.45 15.21 
0.04 0.1417 0.9866 1.4 61 7 1577.8 2.39 4.76 5.25 12.609 2.09 4.06 
0.04 0.1117 0.9582 5.0 226 5.325 421.89 2.67 6.63 4.75 10.678 2.18 5.14 
0.04 0.0397 0.3074 166.6 7497 0.8125 3.021 4.57 33.57 1.85 6.0705 3.28 15.61 
0.04 0.0317 0.151 66.5 2994 1.125 3.2721 4.02 25.39 3.6 11.055 2.45 7.28 
0.04 0.0277 0.1144 66.5 2994 0.95 2.351 3.88 22.16 3.325 20.031 2.62 8.43 
 
(x-x1) = 0.100 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.1 0.0317 0.151 76.5 3442 1.05 2.8031 4.65 33.28 4 16.592 2.76 10.19 
0.1 0.0417 0.225 77.0 3463 1.45 4.5661 4.48 28.57 4.05 15.057 3.17 13.75 
0.1 0.0477 0.215 61.2 2754 1.75 5.3601 3.98 21.32 5.05 20.051 3.57 19.33 
0.1 0.0537 0.229 49.5 2226 2.175 7.8439 6.20 70.18 6 25.62 3.96 23.73 
0.1 0.0597 0.178 40.6 1828 2.1 7.1449 5.30 46.08 7.1 35.331 3.83 21.29 
0.1 0.0657 0.209 36.0 1618 2.65 9.6718 4.71 32.83 7.8 36.626 3.84 20.68 
0.1 0.0777 0.185 31.9 1434 2.6 10.848 4.78 29.80 9.4 39.866 2.88 10.81 
0.1 0.0847 0.436 38.2 1719 3.5 23.958 4.45 25.22 7.05 22.937 3.99 23.71 
0.1 0.0917 0.516 42.2 1899 2.85 31.671 5.82 46.08 4.45 21.046 4.81 38.44 
0.1 0.1017 0.677 38.1 1716 2.6 50.318 6.02 53.68 3.2 15.525 4.26 25.77 
0.1 0.1117 0.816 22.3 1002 3.4 92.585 3.92 18.91 3.7 13.163 3.43 15.84 
0.1 0.1267 0.978 1.8 83 6.35 3460.2 8.97 81.20 6.075 17.005 2.36 5.91 
0.1 0.1417 0.984 1.6 73 25.35 986.14 1.75 2.25 5.55 12.313 2.41 7.27 
 
(x-x1) = 0.200 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.2 0.0317 0.0777 50.5 2271 1 1.8644 4.13 24.91 6.475 26.856 2.65 10.39 
0.2 0.0417 0.1176 56.7 2552 1.25 2.8046 4.56 31.24 5.95 22.799 2.78 10.97 
0.2 0.0517 0.168 55.5 2499 1.65 4.5395 5.13 39.27 6.2 23.742 3.83 21.90 
0.2 0.0617 0.143 40.3 1815 1.85 5.6642 6.40 70.26 7.525 36.067 3.91 21.69 
0.2 0.0717 0.119 30.3 1365 2.3 5.1627 4.09 25.57 8.75 52.681 3.88 20.35 
0.2 0.0817 0.101 23.0 1037 2.3 8.5144 8.03 90.21 13.175 67.26 3.60 18.43 
0.2 0.0917 0.093 19.7 887 2.25 8.7658 6.65 61.08 15.275 80.296 4.51 36.40 
0.2 0.1017 0.155 23.6 1060 2.7 13.492 5.16 33.67 9.25 67.981 3.58 15.63 
0.2 0.1117 0.268 29.3 1320 3.175 20.547 5.32 37.84 6.8 47.85 3.66 16.51 
0.2 0.1217 0.629 27.1 1218 3.7 58.271 4.28 23.74 5.25 23.829 3.93 21.39 
0.2 0.1367 0.908 8.4 377 6.4 254.85 4.01 19.62 5.85 16.136 3.30 15.07 
0.2 0.1517 0.951 5.2 232 5.95 511.95 4.22 21.38 4.5 14.913 3.67 17.83 
0.2 0.1667 0.977 2.2 99 5.85 936.69 2.26 4.07 5.55 13.984 3.15 12.79 
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0.2 0.1867 0.999 0.1 5 9089.7 9707 0.66 -0.42 2.15 9.3373 1.75 3.00 
 
B.4 Experiment 051122 
 
Location : University of Queensland (Australia) 
Date : Nov./Dec. 2005 
Experiments by : H. CHANSON 
Data processing by: H. CHANSON 
Data analysis by : H. CHANSON 
Experiment 
characteristics : 
Channel: length: 3.2 m, width: 0.25 m, slope: 0º (horizontal). Open channel 
with glass sidewalls and glass bottom. 
Qw = 0.0096 m3/s, x1 = 0.5 m, d1 = 0.0129 m, Fr1 = 8.4, Re1 = 3.8 E+4 
Instrumentation : Single-tip conductivity probe. 
Scan rate: 20 kHz per probe sensor, sampling duration: 45 sec. 
Comments : Initial conditions : partially-developed inflow. 
 
(x-x1) = 0.020 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.02 0.0067 0.001 1.1 48 0.55 0.4493 2.08 7.65 266.7 1269.8 1.91 3.11 
0.02 0.0097 0.002 2.7 123 0.6 0.9751 2.71 9.94 116.08 563.32 3.04 13.41 
0.02 0.0127 0.018 22.8 1024 0.55 0.812 2.44 7.32 11.05 88.886 4.26 24.80 
0.02 0.0147 0.116 83.8 3770 0.75 4.393 43.68 2332 4.85 19.771 7.04 76.05 
0.02 0.0167 0.515 88.8 3998 1.45 21.516 8.63 90.43 2.95 6.6339 2.46 8.20 
0.02 0.0177 0.413 81.2 3652 1.85 14.822 9.34 115.60 3.65 9.9498 3.13 13.98 
0.02 0.0187 0.407 70.6 3178 2.15 16.042 8.33 89.00 4.05 11.748 2.77 9.45 
0.02 0.0197 0.39 61.5 2766 2.4 15.379 7.81 81.75 4.65 14.696 3.11 12.04 
0.02 0.0207 0.46 48.9 2202 3.15 26.505 8.17 89.53 5.2 16.09 3.30 15.35 
0.02 0.0217 0.521 40.0 1801 3.45 35.053 6.78 66.13 5.55 17.48 3.10 12.72 
0.02 0.0237 0.585 32.8 1478 3.55 55.108 7.04 69.75 6.65 16.98 2.80 10.26 
0.02 0.0267 0.709 18.4 826 3.15 110.81 8.64 125.87 5.4 27.714 3.25 12.95 
0.02 0.0297 0.791 25.6 1152 3.05 92.106 5.48 38.16 4.1 11.374 2.92 12.43 
0.02 0.0337 0.829 22.1 994 3.5 95.336 4.20 21.52 3.95 11.147 2.68 9.07 
0.02 0.0387 0.938 7.8 352 4.625 312.74 5.30 41.08 3.5 11.506 2.53 8.15 
0.02 0.0437 0.97 5.0 223 4.8 527.19 4.89 28.98 3.175 8.8114 2.84 10.32 
0.02 0.0487 0.986 2.1 96 1.35 1152.5 3.59 14.92 0.8 12.181 3.09 12.10 
0.02 0.0617 0.997 0.2 9 1939.3 8150.9 1.78 2.16 8.525 14.939 0.77 -1.09 
 
(x-x1) = 0.050 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.05 0.0067 0.002 3.2 146 0.55 0.6861 2.30 7.13 34.45 570.36 2.95 10.31 
0.05 0.0117 0.044 40.7 1833 0.7 1.2394 3.51 19.06 7.8 35.211 2.76 10.45 
0.05 0.0167 0.223 111.4 5015 1 4.071 15.58 427.12 3.725 8.6226 2.46 8.50 
0.05 0.0197 0.288 84.8 3815 1.7 5.5451 7.50 115.98 3.9 11.984 3.32 16.35 
0.05 0.0217 0.314 67.0 3017 2.15 7.9055 5.56 49.77 4.65 15.057 3.24 14.05 
0.05 0.0237 0.39 46.1 2074 3.2 19.192 7.00 71.09 6.3 19.436 3.79 24.96 
0.05 0.0257 0.43 39.5 1778 3.25 29.098 7.48 73.30 6.8 20.585 3.12 14.03 
0.05 0.0277 0.47 41.3 1859 3.35 27.562 5.85 45.73 6.45 17.603 3.17 16.21 
0.05 0.0297 0.64 36.5 1644 3.45 46.205 5.08 31.69 4.9 14.097 3.26 15.62 
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0.05 0.0317 0.715 30.5 1371 3.85 62.675 5.01 30.80 5.15 12.481 3.04 14.83 
0.05 0.0367 0.815 25.0 1123 3.6 81.23 3.97 18.14 3.875 11.369 4.04 26.19 
0.05 0.0417 0.93 8.9 400 4.525 256.69 3.97 18.99 4.35 10.186 2.03 4.03 
0.05 0.0467 0.929 8.4 379 4.65 252.85 3.43 13.08 4.3 11.691 2.39 7.44 
0.05 0.0517 0.946 6.6 296 6.4 294.92 2.93 9.35 5 9.3408 1.82 3.32 
0.05 0.0617 0.98 2.8 128 8.75 819.41 4.96 33.38 4.3 9.2114 2.20 5.30 
0.05 0.0717 0.992 1.7 78 0.525 1586.4 4.00 19.13 0.2 7.6818 2.77 10.17 
0.05 0.0817 0.995 1.3 58 0.2 2365 5.27 32.55 0.1 8.0928 2.96 9.69 
 
(x-x1) = 0.100 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.1 0.0067 0.017 17.4 782 0.7 0.8945 3.11 17.30 12.6 81.815 1.96 4.14 
0.1 0.0117 0.055 47.8 2151 0.75 1.2521 3.16 15.88 6.175 29.393 2.54 8.65 
0.1 0.0167 0.116 78.9 3551 0.9 1.759 3.44 16.58 4.925 15.072 2.51 8.82 
0.1 0.0197 0.183 93.8 4221 1.95 6.1167 5.13 44.27 4 11.439 2.48 8.91 
0.1 0.0237 0.229 80.3 3615 1.5 4.1857 4.50 32.87 4.5 13.317 3.03 13.60 
0.1 0.0267 0.248 63.2 2843 1.95 6.1167 5.13 44.27 5.4 17.603 3.53 19.33 
0.1 0.0297 0.237 49.8 2243 2.35 7.828 5.31 43.73 6.75 23.397 3.02 11.02 
0.1 0.0327 0.216 39.4 1774 2.5 9.0269 4.29 24.55 7.6 30.149 2.70 8.53 
0.1 0.0357 0.195 37.0 1663 2.6 7.869 3.76 19.72 8.35 33.64 3.08 12.64 
0.1 0.0387 0.19 30.9 1392 2.75 10.693 7.83 123.87 9.9 42.145 3.77 22.08 
0.1 0.0417 0.187 28.7 1292 2.9 11.36 5.49 51.03 11.1 43.37 3.44 18.80 
0.1 0.0467 0.257 34.0 1530 3.1 13.043 3.71 17.20 7.65 35.611 3.33 15.31 
0.1 0.0517 0.332 36.4 1640 3.25 17.739 4.36 26.60 6.7 28.323 3.00 11.98 
0.1 0.0567 0.508 36.3 1635 3.5 30.773 4.21 23.78 5.2 21.031 3.00 11.27 
0.1 0.0617 0.662 33.3 1500 3.25 44.487 3.61 15.60 4.25 16.81 3.70 18.80 
0.1 0.0717 0.921 8.4 377 6.1 244.94 3.17 11.08 4.625 13.018 2.80 9.86 
0.1 0.0837 0.976 3.2 145 7.1 564.86 2.53 7.46 3.5 12.103 2.84 9.75 
0.1 0.0977 0.99 1.2 56 9.25 1636 2.50 6.11 5.65 11.536 2.72 8.56 
0.1 0.1117 0.996 0.5 22 12.65 3893.6 2.66 8.05 6.35 11.33 1.83 3.24 
 
(x-x1) = 0.150 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.15 0.0067 0.019 18.4 828 0.8 0.8396 2.27 9.46 17.55 78.575 3.13 18.40 
0.15 0.0117 0.051 39.7 1785 0.9 1.2741 3.23 15.66 7.5 34.758 2.25 6.06 
0.15 0.0167 0.085 57.4 2585 1 1.65 3.84 23.24 6.375 22.222 2.38 7.11 
0.15 0.0217 0.112 63.8 2869 1.15 1.9915 3.76 22.86 5.85 19.251 2.53 8.40 
0.15 0.0247 0.12 61.7 2777 1.2 2.8056 7.46 106.60 6.25 20.18 2.71 9.45 
0.15 0.0277 0.139 60.8 2735 1.35 3.1837 4.91 39.59 5.925 20.88 3.10 14.12 
0.15 0.0307 0.152 57.5 2586 1.6 3.6524 4.87 36.59 6.3 21.979 3.39 17.82 
0.15 0.0337 0.154 52.7 2373 1.7 4.2734 5.86 60.55 6.5 25.152 3.85 24.40 
0.15 0.0367 0.172 43.4 1953 2 6.5587 5.80 50.53 7.95 29.335 3.08 12.22 
0.15 0.0417 0.163 34.0 1530 2.4 7.8339 4.72 32.22 8.5 40.689 3.25 13.03 
0.15 0.0467 0.145 25.2 1135 2.6 9.449 4.82 36.10 10.95 59.514 3.58 16.30 
0.15 0.0517 0.141 23.6 1061 2.75 10.675 4.95 34.37 12.8 58.03 3.21 14.71 
0.15 0.0617 0.261 29.1 1310 3.1 17.717 4.03 20.33 8.75 41.416 3.15 12.80 
0.15 0.0717 0.573 27.4 1234 3.75 45.614 3.65 17.16 6 25.548 3.44 15.61 
0.15 0.0867 0.899 10.4 468 4.8 201.08 3.01 9.23 4.25 14.851 3.05 11.75 
0.15 0.1017 0.971 2.4 109 6.55 841.19 3.86 21.01 6.4 14.428 1.73 2.62 
0.15 0.1167 0.997 0.3 13 342.95 5970.2 1.90 2.74 6.325 12.768 1.68 2.43 
0.15 0.0787 0.802 18.7 842 4.25 91.386 2.96 10.21 4.35 17.444 3.26 13.90 
 A-17 
0.15 0.0937 0.954 4.5 204 4.7 413.13 2.56 7.31 4.7 15.591 2.91 9.74 
 
B.5 Experiment 051123-5 
 
Location : University of Queensland (Australia) 
Date : Nov./Dec. 2005 
Experiments by : H. CHANSON 
Data processing by: H. CHANSON 
Data analysis by : H. CHANSON 
Experiment 
characteristics : 
Channel: length: 3.2 m, width: 0.25 m, slope: 0º (horizontal). Open channel 
with glass sidewalls and glass bottom. 
Qw = 0.0237 m3/s, x1 = 1.0 m, d1 = 0.0245 m, Fr1 = 7.9, Re1 = 9.4 E+4 
Instrumentation : Single-tip conductivity probes (z = 0 , 2.9, 10.5, 17 mm). 
Scan rate: 20 kHz per probe sensor, sampling duration: 45 sec. 
Comments : Initial conditions : partially-developed inflow. 
 
(x-x1) = 0.050 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.05 0.0117 0.007 12.5 564 0.35 0.6371 2.73 9.87 2.95 205.06 4.47 23.41 
0.05 0.0177 0.043 52.2 2349 0.45 1.124 3.71 19.20 2.45 36.56 3.36 14.18 
0.05 0.0237 0.054 54.5 2452 0.5 1.4501 4.01 23.26 2.1 42.642 5.59 42.23 
0.05 0.0277 0.126 96.0 4319 0.65 1.8396 3.24 14.35 2.2 17.368 4.40 29.81 
0.05 0.0317 0.302 168.5 7581 0.75 2.8899 4.79 42.67 1.8 6.1656 3.19 13.99 
0.05 0.0337 0.538 160.7 7233 1.15 9.2957 18.97 620.62 1.5 3.8821 3.29 16.59 
0.05 0.0357 0.555 139.2 6262 1.25 10.254 11.31 205.14 1.55 4.5209 3.42 16.44 
0.05 0.0387 0.473 135.9 6117 1.25 6.7712 6.29 71.24 1.85 5.7625 3.73 20.28 
0.05 0.0417 0.579 72.7 3271 2.4 19.621 9.38 159.93 2.3 9.7976 3.82 19.52 
0.05 0.0457 0.761 38.3 1724 2.7 98.921 15.90 354.46 2.55 10.133 3.80 20.66 
0.05 0.0657 0.71 33.8 1521 3.3 66.279 7.40 72.87 4.55 12.263 3.85 24.07 
0.05 0.0757 0.823 22.1 995 3.65 137.86 10.30 149.92 4.2 11.344 3.02 11.29 
0.05 0.0857 0.965 5.1 228 4.725 1000.3 9.25 92.70 3.45 10.451 3.23 12.20 
0.05 0.0957 0.997 1.1 48 10.775 1890.9 2.48 6.13 0.75 3.2877 1.46 1.31 
0.05 0.1217 0.997 0.6 28 0.8 3145.8 2.28 4.15 0.65 8.5718 3.63 15.26 
 
(x-x1) = 0.100 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.1 0.0067 0.001 1.4 62 0.3 0.5205 3.67 17.75 7 1286.9 3.31 13.43 
0.1 0.0117 0.001 1.8 82 0.35 0.63 4.78 30.05 4.45 1156.2 2.72 6.91 
0.1 0.0167 0.008 10.1 454 0.4 1.189 3.60 19.81 3.35 302.21 7.70 76.19 
0.1 0.0217 0.028 29.2 1316 0.475 1.4063 4.14 26.59 2.35 90.255 7.47 84.37 
0.1 0.0267 0.053 41.4 1865 0.65 1.8192 3.69 20.43 2.725 56.84 5.18 34.51 
0.1 0.0317 0.261 158.1 7116 0.75 2.4828 3.81 22.47 1.85 6.9754 3.01 12.25 
0.1 0.0347 0.28 168.2 7568 0.75 2.6602 4.21 25.60 1.8 6.3525 3.11 13.24 
0.1 0.0377 0.35 170.2 7609 0.85 3.5254 4.92 40.96 1.7 5.5175 3.23 16.01 
0.1 0.0437 0.415 121.4 5463 1.3 6.1502 5.28 47.14 2.05 8.1978 5.43 52.30 
0.1 0.0488 0.383 96.9 4362 1.6 7.093 5.48 49.60 2.6 11.168 4.95 36.72 
0.1 0.0537 0.351 84.7 3813 1.65 8.2796 7.03 84.02 2.95 13.593 4.90 38.39 
0.1 0.0587 0.834 21.4 965 4.35 160.19 15.33 330.32 3.675 11.542 3.57 19.95 
 A-18 
0.1 0.0687 0.766 26.3 1182 4.2 81.528 6.02 50.15 4.3 12.633 3.23 14.80 
0.1 0.0787 0.806 23.6 1063 4.05 94.698 5.23 33.01 3.5 13.742 3.97 21.86 
0.1 0.0937 0.95 8.0 362 4.6 325.79 4.71 26.14 3.1 10.02 3.47 15.14 
0.1 0.1187 0.979 4.4 198 6.6 482.22 3.29 12.40 2 7.949 3.73 20.12 
 
(x-x1) = 0.200 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.2 0.0217 0.021 19.8 889 0.5 1.5921 4.02 22.30 2.45 131 5.86 51.92 
0.2 0.0317 0.2 146.0 6572 0.65 2.0875 3.81 20.69 1.85 8.6313 2.92 10.95 
0.2 0.0417 0.27 154.6 6956 0.8 2.8783 5.46 55.70 2 6.9249 3.50 20.77 
0.2 0.0477 0.305 131.6 5920 1 3.9741 5.03 37.30 2.3 8.1298 3.91 23.14 
0.2 0.0537 0.323 87.0 3917 1.55 6.7373 6.31 76.12 2.9 14.187 4.69 31.97 
0.2 0.0597 0.281 61.0 2746 2.05 7.976 4.91 36.62 4.05 22.197 4.66 30.13 
0.2 0.0657 0.306 51.5 2318 2.25 11.389 4.89 31.82 4.85 25.663 5.73 52.31 
0.2 0.0717 0.213 56.4 2537 1.7 6.248 4.19 23.31 4.65 26.736 5.02 40.98 
0.2 0.0777 0.434 43.3 1947 2.9 27.673 10.28 157.80 5.6 21.702 4.29 27.47 
0.2 0.0847 0.673 34.0 1528 3.4 61.129 10.43 181.94 4.15 15.179 3.24 13.16 
0.2 0.0917 0.524 36.9 1659 3.2 35.321 6.59 71.91 5.6 21.619 4.40 29.29 
0.2 0.1017 0.817 21.4 961 3.75 99.722 5.95 54.43 4.2 12.819 3.19 13.27 
0.2 0.1117 0.935 8.1 363 4.75 238.91 2.77 8.26 4.2 11.566 2.66 8.50 
0.2 0.1417 0.977 4.3 193 7.65 489.87 2.91 9.78 2.65 8.3616 3.57 16.93 
0.2 0.1267 0.947 7.8 349 4.4 285.57 4.13 23.21 3.3 9.7143 2.85 10.57 
 
(x-x1) = 0.43 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.43 0.0217 0.13 32.5 1463 1.9 7.1008 4.64 26.84 8.475 46.143 3.12 11.62 
0.43 0.0317 0.058 79.0 3557 0.45 0.8988 4.17 25.65 3.9 19.886 3.56 21.87 
0.43 0.0417 0.108 108.5 4884 0.55 1.4975 4.99 35.47 2.9 12.955 3.31 16.70 
0.43 0.0517 0.142 116.3 5235 0.7 1.9687 8.08 115.51 2.95 11.187 3.22 14.92 
0.43 0.0617 0.164 105.4 4741 0.85 2.4856 7.38 110.31 3.2 12.703 4.03 26.06 
0.43 0.0717 0.176 80.6 3626 1.05 3.8422 6.19 56.99 3.95 18.145 5.06 41.20 
0.43 0.0817 0.152 74.5 3354 1.05 3.5315 7.29 91.61 4.2 19.9 4.86 37.49 
0.43 0.0917 0.142 56.1 2523 1.3 4.6197 8.02 103.11 5.35 28.629 4.74 33.19 
0.43 0.1017 0.135 41.6 1873 1.65 5.2372 4.68 29.19 6.45 40.72 4.60 30.10 
0.43 0.1117 0.089 24.2 1089 1.75 6.6252 5.27 39.09 9.65 75.404 4.46 26.05 
0.43 0.1217 0.119 26.1 1176 1.8 9.8739 6.40 55.63 9.95 56.541 3.16 13.38 
0.43 0.1367 0.319 31.6 1422 2.6 25.651 5.65 42.78 6.5 43.928 4.81 31.46 
0.43 0.1517 0.542 30.4 1369 3.1 44.435 4.67 29.23 5.1 29.461 5.17 41.51 
0.43 0.1667 0.78 17.9 805 3.85 127.35 5.30 39.10 5.25 19.945 3.86 20.92 
0.43 0.1867 0.943 6.3 282 4.7 364.86 3.49 13.64 4.1 12.557 2.27 5.29 
 
B.6 Experiment 051202 
 
Location : University of Queensland (Australia) 
Date : Dec. 2005 
Experiments by : H. CHANSON 
Data processing by: H. CHANSON 
Data analysis by : H. CHANSON 
 A-19 
Experiment 
characteristics : 
Channel: length: 3.2 m, width: 0.50 m, slope: 0º (horizontal). Open channel 
with glass sidewalls and PVC bottom. 
Qw = 0.0344 m3/s, x1 = 1.0 m, d1 = 0.0265 m, Fr1 = 5.1, Re1 = 6.8 E+4 
Instrumentation : Single-tip conductivity probes (z = 0 & 11.5 mm). 
Scan rate: 20 kHz per probe sensor, sampling duration: 45 sec. 
Comments : Initial conditions : partially-developed inflow. 
 
(x-x1) = 0.10 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.1 0.0167 0.049 34.8 860 0.65 1.4163 3.76 24.11 4.2 96.281 3.09 12.80 
0.1 0.0267 0.069 47.0 3716 0.95 2.5516 3.79 22.03 3.55 15.255 2.60 8.40 
0.1 0.0367 0.082 52.4 3682 1.8 7.9562 7.15 92.48 3.6 10.823 2.72 9.38 
0.1 0.0467 0.334 107.7 2252 2.75 10.106 3.76 18.42 5.8 21.514 3.62 18.04 
0.1 0.0517 0.337 40.6 1828 3.1 15.718 5.52 51.76 6.45 26.307 3.59 18.67 
0.1 0.0567 0.439 43.2 1943 3.25 22.636 6.48 69.74 5.625 21.17 3.77 19.94 
0.1 0.0617 0.527 38.1 1715 3.7 35.033 7.91 99.51 5.55 19.053 3.16 12.46 
0.1 0.0667 0.555 38.2 1720 3.75 36.986 6.41 55.70 5.25 17.357 2.99 11.43 
0.1 0.0717 0.679 30.3 1365 3.7 63.91 6.28 51.12 4.95 16 3.18 12.74 
0.1 0.0817 0.564 37.6 1691 3.5 37.678 6.33 64.04 4.525 19.817 3.98 22.12 
0.1 0.0917 0.902 12.1 543 3.6 181.76 3.39 12.25 3.4 13.332 3.25 13.12 
0.1 0.1017 0.986 2.1 95 12.15 896.69 2.58 7.07 3.8 8.9253 2.89 10.66 
0.1 0.1117 0.992 1.1 48 2.325 1874.2 2.44 5.46 4.8 11.154 2.82 10.58 
0.1 0.1267 0.997 0.5 21 12.85 4986.6 3.49 13.26 2.95 9.2699 3.04 10.85 
0.1 0.1417 0.999 0.4 19 0.15 5802.7 2.78 7.35 0.175 7.0912 4.14 17.38 
0.1 0.0197 0.049 34.8 1567 0.75 1.8504 3.80 22.13 4.3 46.971 2.88 10.90 
0.1 0.0217 0.069 47.0 2115 0.8 2.0834 5.78 68.62 4.1 32.746 3.03 13.87 
0.1 0.0237 0.082 52.4 2358 0.85 1.9497 2.78 9.70 4.2 30.585 3.64 18.77 
 
(x-x1) = 0.20 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.2 0.0217 0.045 35.5 2295 0.85 1.9466 3.55 17.50 4.3 30.168 2.81 10.20 
0.2 0.0317 0.108 63.2 4178 1.2 3.6358 3.51 16.57 3.3 12.001 2.82 10.36 
0.2 0.0417 0.218 80.9 3116 1.9 6.9203 4.11 24.86 4.35 15.575 3.52 17.00 
0.2 0.0517 0.279 59.0 1951 2.5 10.123 4.24 24.91 6.05 29.762 4.09 24.42 
0.2 0.0617 0.205 35.7 1605 2.3 10.604 5.80 54.05 7.525 37.663 3.53 17.58 
0.2 0.0717 0.172 26.1 1176 2.775 10.881 4.23 27.31 10.7 56.827 5.06 41.83 
0.2 0.0817 0.171 27.2 1223 2.65 11.001 4.18 22.20 9.95 56.919 6.08 68.11 
0.2 0.0917 0.436 38.4 1728 3.45 24.994 4.89 33.40 5.3 24.997 3.53 15.92 
0.2 0.1017 0.648 32.7 1472 3.925 51.505 5.55 43.68 4.45 17.412 3.71 20.14 
0.2 0.1167 0.856 17.0 763 4.85 117.43 3.17 10.57 3.875 13.933 3.84 20.44 
0.2 0.1317 0.961 4.8 218 5.925 464.41 3.03 9.55 4.4 13.434 4.86 33.21 
0.2 0.1517 0.985 1.2 53 11.15 1854.1 3.52 14.63 5.9 19.308 2.86 8.97 
0.2 0.0167 0.045 35.5 1597 0.8 1.7289 7.02 90.85 4.4 48.937 3.46 19.20 
0.2 0.0267 0.108 63.2 2842 0.95 2.2584 3.65 18.65 4.6 21.993 2.78 10.31 
0.2 0.0367 0.218 80.9 3641 1.35 4.0867 4.38 28.64 3.8 14.257 2.98 13.15 
0.2 0.0467 0.279 59.0 2657 1.95 7.9833 4.05 21.86 4.7 19.529 3.58 18.27 
 
 A-20 
(x-x1) = 0.30 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.3 0.0617 0.097 51.8 1750 1.825 6.936 7.61 86.45 7.05 41.902 4.83 33.95 
0.3 0.0717 0.13 60.9 1322 2.2 6.8398 5.72 48.10 9.5 54.902 4.15 23.39 
0.3 0.0817 0.159 61.1 900 2.4 10.027 6.01 51.89 15.05 74.084 3.08 11.82 
0.3 0.0917 0.086 18.6 835 2.25 7.6114 4.52 30.60 13.275 80.212 2.83 10.01 
0.3 0.1017 0.141 22.1 995 2.65 12.788 4.57 23.94 11.925 67.737 3.39 14.34 
0.3 0.1217 0.53 33.0 1485 3.35 41.385 4.56 27.00 4.1 29.913 4.57 27.10 
0.3 0.1417 0.884 10.9 492 5.3 202.63 3.63 15.03 4.25 19.217 4.65 30.34 
0.3 0.1617 0.974 2.3 105 6.35 971.33 3.54 15.97 5.375 15.73 2.93 11.75 
0.3 0.1867 0.999 0.1 6 25.45 17578 2.44 5.97 2.5 15.383 1.22 0.20 
0.3 0.0117 0.023 20.7 933 0.75 1.2027 3.30 15.61 10.45 75.251 2.25 5.37 
0.3 0.0167 0.04 30.8 1386 0.85 1.4358 3.37 15.86 7.85 51.013 2.73 9.01 
0.3 0.0267 0.077 46.2 2077 1 2.2478 5.61 56.36 6.75 30.194 2.51 8.02 
0.3 0.0317 0.097 51.8 2331 1.15 2.494 4.93 41.58 5.775 26.792 2.53 7.10 
0.3 0.0417 0.13 60.9 2740 1.25 2.9072 4.45 28.54 5.35 22.129 3.14 14.28 
0.3 0.0467 0.159 61.1 2750 1.4 3.4838 3.52 17.06 5.2 20.59 2.90 10.75 
 
B.7 Experiment 051206 
 
Location : University of Queensland (Australia) 
Date : Dec. 2005 
Experiments by : H. CHANSON 
Data processing by: H. CHANSON 
Data analysis by : H. CHANSON 
Experiment 
characteristics : 
Channel: length: 3.2 m, width: 0.50 m, slope: 0º (horizontal). Open channel 
with glass sidewalls and PVC bottom. 
Qw = 0.0494 m3/s, x1 = 1.0 m, d1 = 0.02385 m, Fr1 = 8.57, Re1 = 9.8 E+4
Instrumentation : Single-tip conductivity probes (z = 0 & 11.5 mm). 
Scan rate: 20 kHz per probe sensor, sampling duration: 45 sec. 
Comments : Initial conditions : partially-developed inflow. 
 
(x-x1) = 0.10 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.1 0.0117 0.025 34.8 1566 0.35 1.0535 4.54 31.83 2 66.662 5.05 37.61 
0.1 0.0167 0.066 78.8 3546 0.4 1.2286 3.81 20.39 1.65 28.932 8.23 144.66
0.1 0.0217 0.157 138.1 6213 0.5 1.7883 4.18 26.11 1.4 11.379 3.51 17.53 
0.1 0.0267 0.359 192.5 8000 0.65 36.317 88.78 7921 1.4 5.613 3.22 13.80 
0.1 0.0292 0.669 128.1 5765 1.45 13.424 9.87 155.64 1.3 3.9148 4.70 36.38 
0.1 0.0317 0.654 117.9 5306 1.5 13.84 7.75 90.36 1.35 4.6046 4.34 29.58 
0.1 0.0357 0.753 47.6 2141 2.7 51.248 8.24 102.51 2.05 9.5466 4.55 27.85 
0.1 0.0397 0.519 83.4 3751 2.1 13.722 7.25 77.35 2.1 10.89 4.84 34.14 
0.1 0.0437 0.471 67.2 3025 2.3 14.945 6.98 81.95 2.7 15.047 4.57 27.93 
0.1 0.0497 0.603 47.2 2122 2.55 37.825 7.36 69.05 3.25 14.694 4.35 30.78 
0.1 0.0567 0.546 45.2 2034 2.65 32.59 7.60 85.80 3.85 16.464 3.40 14.85 
0.1 0.0667 0.814 24.3 1094 3.625 98.401 5.99 45.39 3.7 11.833 3.53 16.88 
0.1 0.0767 0.872 19.3 868 3.5 159.72 9.01 113.07 3.1 9.5291 2.72 9.86 
0.1 0.0917 0.932 12.1 543 3.55 207.47 4.51 25.87 3.025 8.4708 3.56 18.18 
 A-21 
0.1 0.1117 0.989 3.1 141 1.3 814.71 3.81 18.01 0.5 6.1565 3.73 19.44 
 
(x-x1) = 0.20 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.2 0.0067 0.007 14.3 642 0.25 0.6415 4.10 24.24 3.5 142.33 3.57 16.68 
0.2 0.0117 0.043 64.0 2882 0.35 0.9641 4.11 25.09 2.05 30.235 3.92 29.23 
0.2 0.0167 0.094 100.2 4511 0.45 1.4844 4.45 29.08 1.65 17.809 3.37 14.42 
0.2 0.0217 0.156 136.7 6153 0.5 1.6969 3.55 17.41 1.45 11.7 3.89 24.21 
0.2 0.0267 0.257 177.8 8000 0.55 6.3396 73.35 6120.8 1.45 6.8736 3.31 15.86 
0.2 0.0317 0.353 186.3 8000 0.7 25.658 87.79 7803.2 1.45 5.6555 3.33 15.10 
0.2 0.0367 0.387 152.7 6871 1 4.4071 4.47 29.00 1.6 6.8335 4.48 31.47 
0.2 0.0417 0.387 118.7 5341 1.3 5.5841 4.13 23.78 2.1 9.2066 5.49 49.75 
0.2 0.0467 0.375 82.9 3732 1.8 8.2373 5.15 41.73 2.5 14.297 4.69 32.13 
0.2 0.0517 0.341 65.2 2936 2 9.2716 5.07 42.15 3.45 18.945 4.60 30.92 
0.2 0.0617 0.39 48.2 2167 2.35 25.491 12.14 207.01 5 22.452 4.51 29.91 
0.2 0.0717 0.35 48.2 2170 2.35 16.158 6.65 66.58 5 22.483 3.38 15.03 
0.2 0.0867 0.598 39.8 1768 2.9 35.22 5.99 52.22 5.15 18.812 3.98 22.80 
0.2 0.1067 0.84 22.4 1006 3.3 93.567 4.08 20.62 3.6 10.353 3.35 15.95 
0.2 0.1317 0.927 10.4 467 3.95 210.23 3.87 19.24 3.05 12.094 3.83 18.82 
0.2 0.1567 0.977 3.5 159 4.05 623.23 3.68 18.89 2.625 11.588 4.23 24.46 
 
(x-x1) = 0.30 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.3 0.0067 0.017 35.0 1574 0.3 0.6483 4.73 32.42 3.2 55.003 3.43 16.66 
0.3 0.0137 0.061 83.3 3749 0.4 1.1096 5.00 36.59 2.2 22.791 3.77 21.12 
0.3 0.0207 0.126 132.4 5959 0.5 1.464 4.25 26.05 1.75 12.051 3.30 13.69 
0.3 0.0247 0.181 158.5 7133 0.5 1.822 4.23 26.89 1.55 9.0119 3.41 16.12 
0.3 0.0277 0.207 167.7 7548 0.55 2.0153 4.87 39.07 1.6 7.8498 3.23 13.27 
0.3 0.0317 0.229 173.2 7792 0.6 2.1816 4.54 31.13 1.65 7.1117 3.35 15.66 
0.3 0.0367 0.318 167.9 7557 0.8 3.1709 4.28 27.12 1.65 6.2928 3.67 20.58 
0.3 0.0417 0.285 159.2 7162 0.75 3.0089 4.65 32.62 1.8 7.2975 4.02 26.36 
0.3 0.0487 0.319 113.6 5114 1.15 4.7406 4.25 25.18 2.3 10.464 4.55 31.26 
0.3 0.0567 0.285 68.2 3069 1.75 7.1693 4.71 34.92 3.55 19.807 5.04 39.72 
0.3 0.0667 0.244 58.9 2652 1.6 7.0438 4.06 22.14 3.95 25.053 4.37 25.96 
0.3 0.0817 0.214 37.3 1680 2.15 10.968 5.03 34.33 7.25 35.201 4.30 33.49 
0.3 0.1017 0.299 38.6 1738 2.1 19.674 6.16 49.59 6 31.806 3.43 15.01 
0.3 0.1317 0.907 14.4 650 4.175 155.29 4.26 23.52 3.1 9.6359 3.00 11.11 
0.3 0.1617 0.987 2.7 120 5.625 947.99 4.29 22.80 2.5 6.5033 2.17 4.92 
0.3 0.1917 0.978 3.4 152 4.025 693.31 3.23 11.37 2.75 10.349 2.93 10.66 
 
(x-x1) = 0.40 m 
 
x-x1 y C F Nab Air chord times  Water chord times  
     Median Std Skew Kurt Median Std Skew Kurt 
m m  Hz  msec. msec.   msec. msec.   
0.3 0.0087 0.032 56.1 2523 0.35 0.6987 4.24 28.02 3.475 32.688 3.24 13.85 
0.3 0.0167 0.087 104.2 4687 0.45 1.2402 4.45 28.31 2.2 17.092 3.77 19.06 
0.3 0.0237 0.159 147.1 6619 0.5 1.7048 4.72 33.77 1.75 10.089 3.34 13.97 
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0.3 0.0317 0.2 158.4 7126 0.6 2.1061 5.05 38.24 1.85 8.299 3.53 17.32 
0.3 0.0387 0.226 157.6 7094 0.65 2.447 5.52 47.33 1.95 7.8239 3.76 20.82 
0.3 0.0467 0.273 136.6 6147 0.85 3.749 5.89 52.57 2.15 8.5295 3.77 21.21 
0.3 0.0537 0.264 119.5 5377 0.9 3.9941 5.41 43.14 2.35 10.566 4.24 26.74 
0.3 0.0617 0.261 86.4 3889 1.3 4.9698 4.68 36.37 3.025 16.85 5.64 46.66 
0.3 0.0717 0.215 55.2 2483 1.7 6.5061 4.67 32.44 4.35 29.116 5.56 49.60 
0.3 0.0867 0.166 36.0 1622 1.95 8.8294 6.30 63.28 7.45 42.697 3.82 18.97 
0.3 0.1067 0.333 37.2 1672 2.45 21.104 5.96 54.59 6.25 30.386 3.56 17.29 
0.3 0.1267 0.55 35.0 1574 2.95 39.053 4.77 30.54 4.65 22.975 4.27 25.62 
0.3 0.1467 0.906 13.4 602 4.225 157.05 3.93 19.91 3.95 9.4434 2.97 11.60 
0.3 0.1667 0.959 5.5 249 4.5 407.36 3.78 18.19 3.65 10.59 3.20 13.52 
0.3 0.1867 0.979 3.4 154 4.95 643.37 2.91 8.54 3.15 7.9714 2.15 5.05 
0.3 0.2117 0.985 2.2 98 5.825 1001.9 2.54 6.00 2.95 12.224 3.50 14.52 
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APPENDIX C - AIR-WATER FLOW TIME SCALES IN HYDRAULIC JUMPS WITH 
PARTIALLY-DEVELOPED INFLOW CONDITIONS 
C.1 Presentation 
Air-water flow measurements were performed for a range of experiments. For some experiments, two 
identical probes were used. Each probe consisted of a sharpened rod (platinum wire ∅ = 0.35 mm) which 
was insulated except for its tip and set into a metal supporting tube (stainless steel surgical needle ∅ = 1.42 
mm) acting as the second electrode. The reference probe was located on the channel centreline (z = 0). The 
second probe was placed beside the first one, with the probe sensors at the same vertical and streamwise 
distances y and x respectively, but the second probe was separated in the transverse direction by a known 
spacing z. The probes were excited by an electronics (Ref. AS25240) designed with a response time less than 
10 ms and calibrated with a square wave generator. Table B-1 summarises the range of investigations. 
The probe signals were analysed in terms of auto-correlation and cross-correlation based upon the raw probe 
output signals. With a single-threshold technique, an analysis based upon the thresholded signals (or square-
wave signals) tends to ignore the contributions of the smallest air-water particles. Herein, the correlation 
analyses were based upon the raw probe voltage outputs. Basic results included the maximum cross-
correlation coefficient (Rxy)max, and the integral time scales Txx and Txy where : 
 Txx  =  ⌡⌠
τ=0 
 τ=τ(Rxx=0)
Rxx(τ) * dτ (C-1) 
 Txy  =  ⌡⌠
τ=τ(Rxy=(Rxy)max)  
   τ=τ(Rxy=0)
 Rxy(τ) * dτ (C-2) 
where Rxx is the normalised auto-correlation function, τ is the time lag, and Rxy is the normalised cross-
correlation function between the two probe output signals (Fig. C-1). In addition, the time scales (t0.5)xx and 
(t0.5)xy were included where (t0.5)xx is the time lag τ for which Rxx = 0.5 and (t0.5)xy is the time lag τ for 
which Rxy = 0.5 * (Rxy)max. Note that all auto-correlation results are presented for the reference probe on 
the channel centreline (z = 0). 
All the results are presented in the following paragraphs. 
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Fig. C-1 - Cross-correlation function for two identical single-tip conductivity probes separated by a 
transverse distance z - Definition sketches 
 
 
Table C-1 - Experimental flow conditions with two identical probes separated transversally by a known 
distance z 
 
Run d1 W Fr1 Re1 W
d1
 
x1
d1
 
x - x1
d1
 
z Series Remarks 
  m      mm   
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
051123-25 0.0245 0.25 7.90 9.4E+4 10.2 41 2.0 10.5 050 Glass sidewalls and bed. 
       4.1 2.9 100C  
        10.5 100B  
        17 100A  
       8.2 2.9 200B  
        10.5 200  
       17.6 10.5 355  
051202 0.0265 0.50 5.09 6.8E+4 18.9 38 3.8 11.5 100 Glass walls and PVC bed. 
       7.5 11.5 200  
       11.3 11.5 300  
051206 0.0238 0.50 8.57 9.8E+4 21.0 42 4.2 11,5 100 Glass walls and PVC bed. 
       8.4 11.5 200  
       12.6 11.5 300  
       16.8 11.5 400  
 
Note : partially-developed inflow conditions. 
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Discussion 
Auto- and cross-correlation calculations were most successful in the air-water shear layer region. In the 
recirculation region and at some locations, calculations were unsuccessful for a number of reasons. These 
included flat cross-correlation functions without a distinctive peak, non-crossing of the correlation 
function(s) with the zero line, correlation functions with several peaks, meaningless correlation trends ... 
While most calculations can be automated, it must be stressed that human intervention are essential to 
validate each calculation step. Herein most calculations were performed by hand and all meaningless results 
were rejected. 
 
Notation 
C void fraction defined as the volume of air per unit volume of air and water; it is also called air 
concentration or local air content; 
d water depth (m); 
d1 flow depth (m) measured immediately upstream of the hydraulic jump; 
F air bubble count rate (Hz) or bubble frequency defined as the number of detected air bubbles per 
unit time; 
Fr1 upstream Froude number: Fr1 = qw/ g * d1
3 ; 
g gravity acceleration (m/s2) : g = 9.80 m/s2 in Brisbane (Australia); 
qw water discharge per unit width (m2/s); 
Re1 inflow Reynolds number : Re1  =  ρw * 
V1 * d1
µw ; 
Rxx normalised auto-correlation function (reference probe); 
Rxy normalised cross-correlation function between two probe output signals; 
(Rxy)max maximum cross-correlation between two probe output signals; 
Txx auto-correlation integral time scale : 
 Txx  =  ⌡⌠
τ=0 
 τ=τ(Rxx=0)
Rxx(τ) * dτ 
Txy cross-correlation integral time scale : 
 Txy  =  ⌡⌠
τ=τ(Rxy=(Rxy)max)  
   τ=τ(Rxy=0)
 Rxy(τ) * dτ 
(t0.5)xx characteristic time lag τ for which Rxx = 0.5; 
(t0.5)xy characteristic time lag τ for which Rxy = 0.5 * (Rxy)max; 
V1 upstream flow velocity (m/s): V1 = qw/d1; 
W channel width (m); 
y distance (m) measured normal to the flow direction; 
z transverse distance (m) from the channel centreline; 
µ dynamic viscosity (Pa.s); 
ρ density (kg/m3); 
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τ time lag (s); 
∅ diameter (m); 
 
Subscript 
xx auto-correlation of reference probe signal; 
xy cross-correlation; 
 
C.2 Experiment 051123-5 
 
Location : University of Queensland (Australia) 
Date : Nov./Dec. 2005 
Experiments by : H. CHANSON 
Data processing by: H. CHANSON 
Data analysis by : H. CHANSON 
Experiment 
characteristics : 
Channel: length: 3.2 m, width: 0.25 m, slope: 0º (horizontal). Open channel 
with glass sidewalls and glass bottom. 
Qw = 0.0237 m3/s, x1 = 1.0 m, d1 = 0.0245 m, Fr1 = 7.9, Re1 = 9.4 E+4 
Instrumentation : Single-tip conductivity probes (z = 0 , 2.9, 10.5, 17 mm). 
Scan rate: 20 kHz per probe sensor, sampling duration: 45 sec. 
Comments : Initial conditions : partially-developed inflow. 
 
C.2.1 z = 2.9 mm 
 
x-x1 y C F z Auto correlation Cross correlation  
     (t0.5)xx Txx (Rxy)max (t0.5)xx Txx 
m m  Hz mm msec. msec.  msec. msec. 
0.1 0.01165 0.004 7 2.9 2.25 3.59 0.662 4.25 2.74 
0.1 0.01665 0.021 25.4 2.9 1.65 3.77 0.511 4.15 3.51 
0.1 0.02165 0.046 45.4 2.9 1.66 3.36 0.498 4.20 2.46 
0.1 0.02665 0.085 59.6 2.9 1.53 3.62 0.535 2.72 2.55 
0.1 0.03165 0.441 145.6 2.9 2.82 10.85 0.620 6.77 10.52 
0.1 0.03565 0.331 147.1 2.9 2.44 6.74 0.559 5.75 5.85 
0.1 0.04365 0.568 60.5 2.9 14.30 23.26 0.652 38.40 19.62 
0.1 0.05365 0.716 30.4 2.9 22.89 27.67 0.769 48.75 27.18 
0.1 0.05865 0.558 38.5 2.9 16.47 23.82 0.628 39.15 22.48 
0.1 0.06865 0.687 30.4 2.9 22.15 N/A N/A N/A N/A 
0.1 0.07865 0.868 16.8 2.9 11.40 15.01 0.660 25.40 17.48 
0.2 0.10165 0.77 26.3 2.9 N/A N/A 0.641 33.65 19.99 
0.2 0.07765 0.353 40.7 2.9 13.90 18.88 0.498 4.20 2.46 
0.2 0.07165 0.4 38.1 2.9 N/A N/A 0.582 40.35 20.40 
0.2 0.06565 0.334 41.5 2.9 N/A N/A 0.647 32.05 20.75 
0.2 0.05965 0.316 49 2.9 5.90 N/A 0.458 31.55 13.68 
0.2 0.05365 0.32 61.3 2.9 8.65 N/A 0.545 N/A N/A 
0.2 0.04765 0.315 97.5 2.9 12.80 N/A 0.675 31.95 19.78 
0.2 0.04165 0.388 114.8 2.9 2.75 5.57 0.478 6.35 3.98 
0.2 0.03165 0.198 129.9 2.9 2.25 3.77 0.533 5.45 3.42 
0.2 0.02665 0.113 95.6 2.9 1.98 3.49 0.516 4.80 2.81 
 
Note: Italic data : suspicious, possibly incorrect data. 
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C.2.2 z = 10.5 mm 
 
x-x1 y C F z Auto correlation Cross correlation  
     (t0.5)xx Txx (Rxy)max (t0.5)xx Txx 
m m  Hz mm msec. msec.  msec. msec. 
0.05 0.0117 0.01 14.2 10.5 -- -- 0.1513 4.9 -- 
 0.0177 0.045 54.8 10.5 -- -- 0.199 N/A -- 
 0.0237 0.075 69.6 10.5 -- -- 0.201 5 -- 
 0.0277 0.166 117.7 10.5 -- -- N/A N/A -- 
 0.0317 0.334 161.7 10.5 -- -- N/A N/A -- 
 0.0337 0.53 139.6 10.5 -- -- 0.2526 N/A -- 
 0.0357 0.508 125.9 10.5 -- -- N/A N/A -- 
 0.0387 0.438 124.5 10.5 -- -- 0.2575 N/A -- 
0.1 0.01665 0.011 13.1 10.5 -- -- 0.329 3.78 1.97 
 0.02165 0.041 37.5 10.5 -- -- 0.204 7.07 1.45 
 0.02665 0.078 60.6 10.5 -- -- 0.270 5.70 1.53 
 0.03165 0.296 159.2 10.5 -- -- 0.218 9.75  
 0.03465 0.271 155 10.5 -- -- 0.272 7.07 1.89 
 0.03765 0.344 155.2 10.5 -- -- 0.205 12.55 3.00 
 0.04365 0.398 111 10.5 -- -- 0.321 10.08 5.47 
 0.04875 0.372 92.9 10.5 -- -- 0.371 15.70 9.13 
 0.05365 0.314 74 10.5 -- -- 0.245 19.83 4.93 
 0.05865 0.809 21.8 10.5 -- -- 0.608 N/A N/A 
 0.06865 0.745 26 10.5 -- -- 0.650 N/A N/A 
0.2 0.02165 0.027 24.3 10.5 2.25 3.90 0.259 6.20 1.51 
 0.03165 0.203 143.2 10.5 1.70 3.27 0.261 6.37 1.79 
 0.04165 0.246 140.4 10.5 2.53 6.04 0.281 8.50 3.55 
 0.04765 0.282 116.6 10.5 3.13 8.34 0.318 15.65 7.39 
 0.05365 0.299 83.3 10.5 5.30 10.70 0.305 25.00 5.80 
 0.05965 0.266 56.8 10.5 9.00 N/A 0.492 N/A N/A 
 0.06565 0.271 47.8 10.5 7.82 N/A 0.388 36.65 N/A 
 0.07765 0.399 36.3 10.5 7.82 18.40 0.473 49.17 N/A 
0.43 0.02165 0.112 26.8 10.5 -- -- 0.110 8.53 -- 
 0.03165 0.047 64.5 10.5 -- -- 0.156 9.00 -- 
 0.04165 0.095 94.8 10.5 -- -- 0.145 9.60 -- 
 0.05165 0.123 104.3 10.5 -- -- 0.135 N/A -- 
 0.06165 0.143 93.2 10.5 -- -- 0.163 N/A -- 
 0.07165 0.166 77.1 10.5 -- -- 0.178 N/A -- 
 0.08165 0.144 65.2 10.5 -- -- 0.180 N/A -- 
 0.09165 0.122 49.6 10.5 -- -- 0.183 N/A -- 
 0.10165 0.13 39.4 10.5 -- -- 0.272 N/A -- 
 0.11165 0.081 21.4 10.5 -- -- N/A N/A -- 
 0.12165 0.11 21.5 10.5 -- -- N/A N/A -- 
 0.13665 0.266 26.9 10.5 -- -- 0.518 N/A -- 
 0.15165 0.498 28 10.5 -- -- 0.570 N/A -- 
 
Note: Italic data : suspicious, possibly incorrect data. 
 
C.2.3 z = 17 mm 
 
x-x1 y C F z Auto correlation Cross correlation  
     (t0.5)xx Txx (Rxy)max (t0.5)xx Txx 
m m  Hz mm msec. msec.  msec. msec. 
0.1 0.00665 0.00017 0.4 17 -- -- 0.033 0.44 0.01 
0.1 0.01165 0.002 3 17 -- -- 0.061 N/A N/A 
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0.1 0.01665 0.006 7.9 17 -- -- 0.048 2.94 N/A 
0.1 0.02165 0.023 22.2 17 -- -- 0.214 -39.72 0.14 
0.1 0.02665 0.077 64.2 17 -- -- 0.025 0.73 0.02 
0.1 0.03165 0.324 141 17 -- -- 0.094 0.73  
0.1 0.04065 0.472 106.6 17 -- -- 0.345 5.77 6.30 
0.1 0.04365 0.42 96.1 17 -- -- 0.266 27.90 4.66 
0.1 0.04865 0.605 48.3 17 -- -- 0.555 43.55 8.95 
0.1 0.05865 0.833 20.3 17 -- -- 0.681 N/A N/A 
0.1 0.07865 0.944 8 17 -- -- 0.229 24.70 N/A 
 
Note: Italic data : suspicious, possibly incorrect data. 
 
C.3 Experiment 051202 
 
Location : University of Queensland (Australia) 
Date : Dec. 2005 
Experiments by : H. CHANSON 
Data processing by: H. CHANSON 
Data analysis by : H. CHANSON 
Experiment 
characteristics : 
Channel: length: 3.2 m, width: 0.50 m, slope: 0º (horizontal). Open channel 
with glass sidewalls and PVC bottom. 
Qw = 0.0344 m3/s, x1 = 1.0 m, d1 = 0.0265 m, Fr1 = 5.1, Re1 = 6.8 E+4 
Instrumentation : Single-tip conductivity probes (z = 0 & 11.5 mm). 
Scan rate: 20 kHz per probe sensor, sampling duration: 45 sec. 
Comments : Initial conditions : partially-developed inflow. 
 
z = 11.5 mm 
 
x-x1 y C F z Auto correlation Cross correlation  
     (t0.5)xx Txx (Rxy)max (t0.5)xx Txx 
m m  Hz mm msec. msec.  msec. msec. 
0.1 0.01665 0.037 26.50 11.50 1.33 2.74 0.179 3.77 1.36 
0.1 0.02665 0.054 37 11.50 2.33 3.79 0.304 7.65 3.43 
0.1 0.03665 0.068 43.8 11.50 4.10 7.15 0.351 15.30 6.64 
0.1 0.04665 0.297 101.4 11.50 8.75 N/A 0.446 28.03 N/A 
0.1 0.05165 0.316 39.2 11.50 -- -- 0.604 N/A N/A 
0.1 0.05665 0.376 39 11.50 13.80 N/A 0.509 33.62 N/A 
0.1 0.06165 0.474 37.2 11.50 16.50 N/A 0.456 46.65  
0.1 0.02165 0.054 37 11.50 2.40 3.65 0.332 5.12 1.91 
0.1 0.02365 0.068 43.8 11.50 1.75 3.99 0.165 3.65 1.66 
0.2 0.02165 0.032 26.10 11.50 1.45 3.51 0.211 4.87 0.68 
0.2 0.03165 0.089 54.4 11.50 3.65 6.51 0.280 9.85 3.76 
0.2 0.04165 0.191 75.2 11.50 3.60 7.37 0.277 16.53 4.75 
0.2 0.05165 0.257 60.2 11.50 6.70 N/A 0.252 30.02 N/A 
0.2 0.06165 0.202 32.8 11.50 12.15 N/A N/A N/A N/A 
0.2 0.07165 0.169 27.1 11.50 10.10 N/A N/A N/A N/A 
0.2 0.01665 0.032 26.1 11.50 1.43 4.02 0.127 6.50 0.85 
0.2 0.02665 0.089 54.4 11.50 2.25 4.00 0.267 8.53 2.72 
0.2 0.03665 0.191 75.2 11.50 3.82 7.13 0.348 13.93 5.96 
0.2 0.04665 0.257 60.2 11.50 8.15 11.20 0.332 16.55 6.17 
0.3 0.01665 0.033 25.1 11.50 1.65 4.68 0.279 7.43 2.98 
0.3 0.02665 0.063 41.3 11.50 1.45 4.60 0.183 3.40 1.56 
0.3 0.03165 0.08 44.5 11.50 8.15 11.20 0.332 16.55 6.17 
0.3 0.04165 0.115 54.4 11.50 2.25 6.35 N/A N/A N/A 
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0.3 0.04665 0.146 55.4 11.50 2.25 4.77 0.209 8.85 2.67 
 
C.4 Experiment 051206 
 
Location : University of Queensland (Australia) 
Date : Dec. 2005 
Experiments by : H. CHANSON 
Data processing by: H. CHANSON 
Data analysis by : H. CHANSON 
Experiment 
characteristics : 
Channel: length: 3.2 m, width: 0.50 m, slope: 0º (horizontal). Open channel 
with glass sidewalls and PVC bottom. 
Qw = 0.0494 m3/s, x1 = 1.0 m, d1 = 0.02385 m, Fr1 = 8.57, Re1 = 9.8 E+4
Instrumentation : Single-tip conductivity probes (z = 0 & 11.5 mm). 
Scan rate: 20 kHz per probe sensor, sampling duration: 45 sec. 
Comments : Initial conditions : partially-developed inflow. 
 
z = 11.5 mm 
 
x-x1 y C F z Auto correlation Cross correlation  
     (t0.5)xx Txx (Rxy)max (t0.5)xx Txx 
m m  Hz mm msec. msec.  msec. msec. 
0.1 0.01165 0.02 28.30 11.50 1.20 3.54 0.37 9.45 3.43 
0.1 0.01665 0.053 62.2 11.50 1.88 4.57 0.27 8.07 3.26 
0.1 0.02165 0.133 114 11.50 1.88 3.47 0.19 5.65 1.51 
0.1 0.02665 0.279 170.2 11.50 1.90 3.45 0.30 4.92 1.74 
0.1 0.02915 0.627 133.6 11.50 2.38 8.25 0.30 25.50 N/A 
0.2 0.01165 0.036 52.7 11.50 0.75 2.01 0.15 5.35 1.11 
0.2 0.01665 0.08 85.2 11.50 1.50 3.46 0.32 5.55 2.17 
0.2 0.02165 0.14 119.8 11.50 1.50 2.92 0.30 4.85 1.92 
0.2 0.02665 0.222 158.6 11.50 1.88 3.35 0.26 5.10 1.28 
0.2 0.03165 0.303 170.3 11.50 2.23 4.28 0.27 7.15 2.07 
0.2 0.03665 0.377 145.8 11.50 4.10 N/A 0.36 12.48 N/A 
0.2 0.04165 0.366 113.7 11.50 3.90 6.43 0.38 11.13 4.64 
0.3 0.01365 0.052 70.2 11.50 1.18 4.54 0.31 12.35 3.68 
0.3 0.02065 0.111 110.6 11.50 1.63 3.72 0.30 4.67 2.47 
0.3 0.02465 0.16 137.3 11.50 2.33 4.56 0.35 8.40 3.71 
0.3 0.02765 0.188 146.7 11.50 2.05 4.66 0.33 10.65 3.38 
0.3 0.03165 0.21 152.6 11.50 2.05 3.38 0.29 7.42 2.21 
0.3 0.03665 0.298 153.5 11.50 2.20 5.64 0.33 7.80 2.85 
0.3 0.04165 0.267 135.9 11.50 2.08 4.76 0.25 11.35 3.45 
0.3 0.04865 0.312 107.5 11.50 3.15 6.15 0.24 14.98 2.96 
0.4 0.01665 0.075 88.2 11.50 1.48 6.22 0.24 11.08 4.69 
0.4 0.02365 0.141 129.3 11.50 1.83 4.54 0.28 7.57 2.91 
0.4 0.03165 0.18 141.9 11.50 2.00 4.87 0.24 6.80 1.88 
0.4 0.03865 0.215 141.3 11.50 1.68 5.27 0.27 7.62 3.09 
0.4 0.04665 0.247 129.4 11.50 2.95 8.93 0.25 N/A N/A 
0.4 0.05365 0.229 103.4 11.50 3.95 9.15 0.31 15.73 5.89 
0.4 0.06165 0.254 83.7 11.50 3.25 8.85 0.25 30.00 N/A 
0.4 0.07165 0.213 53.7 11.50 6.77 13.09 0.41 N/A N/A 
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APPENDIX D - TRANSVERSE AIR-WATER LENGTH SCALES IN HYDRAULIC JUMPS 
WITH PARTIALLY-DEVELOPED INFLOW CONDITIONS 
D.1 Presentation 
Correlation analyses were performed for some experiments during which two identical probes were used. 
Each probe sensor was located at the same vertical and streamwise distances y and x respectively. The 
reference probe was placed on the channel centreline and the second probe was separated in the transverse 
direction by a known spacing z. With two probes simultaneously sampled, the signals were analysed in terms 
of auto-correlation and cross-correlation based upon the raw probe output signals. Basic results included the 
maximum cross-correlation coefficient (Rxy)max as a function of the transverse spacing z and air-water flow 
conditions. When identical experiments were repeated with different transverse spacings z, a transverse 
length scale was calculated as : 
 Z  =  ⌡⌠
z=0   
 z=z((Rxy)max=0)
(Rxy)max * dz (D-1) 
where the transverse air-water length sale Z is a function of the inflow conditions and streamwise position (x 
- x1). MOUAZE et al. (2005) used such a transverse length scale to characterise a free-surface fluctuation 
length scale. 
In the present study, Equation (D-1) was integrated between z = 0 and z = 0.025 m. Results are summarised 
in paragraph D.2. At most locations, the relationship between maximum cross-correlation and transverse 
spacing followed closely an exponential function : (Rxy)max = exp(-k*z) where the coefficient k was 
determined from best data fit. 
Note that the analysis could only be performed at locations where cross-correlation calculations were 
meaningful (see App. C). In the recirculation region and at some locations, calculations were unsuccessful 
for a number of reasons. These included flat cross-correlation functions without a distinctive peak, non-
crossing of the correlation function(s) with the zero line, correlation functions with several peaks, 
meaningless correlation trends ... 
 
D.2 Experimental results : experiment 051123-5 
 
Location : University of Queensland (Australia) 
Date : Nov./Dec. 2005 
Experiments by : H. CHANSON 
Data processing by: H. CHANSON 
Data analysis by : H. CHANSON 
Experiment 
characteristics : 
Channel: length: 3.2 m, width: 0.25 m, slope: 0º (horizontal). Open channel 
with glass sidewalls and glass bottom. 
Qw = 0.0237 m3/s, x1 = 1.0 m, d1 = 0.0245 m, Fr1 = 7.9, Re1 = 9.4 E+4 
Instrumentation : Single-tip conductivity probes (z = 0 , 2.9, 10.5, 17 mm). 
Scan rate: 20 kHz per probe sensor, sampling duration: 45 sec. 
Comments : Initial conditions : partially-developed inflow. 
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x-x1 = 0.100 m 
 
y/d1 C Z Z/d1 
  m  
(1) (2) (3) (4) 
0.4718 0.003 0.0065 0.2643 
0.676 0.0127 0.0065 0.2603 
0.8791 0.0367 0.0068 0.2736 
1.0821 0.08 0.0059 0.2392 
1.2851 0.3537 0.0065 0.2617 
1.4407 0.301 0.0077 0.3141 
1.7723 0.462 0.0094 0.3774 
2.1988 0.515 0.0079 0.3253 
3.185 0.906 0.0093 0.3776 
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Integral length scale
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x-x1 = 0.200 m 
 
y/d1 C Z Z/d1 
  m  
(1) (2) (3) (4) 
1.2972 0.2005 0.0061 0.2487 
1.707 0.317 0.0058 0.236 
1.9529 0.2985 0.0081 0.333 
2.1988 0.3095 0.0068 0.2783 
2.4447 0.291 0.0094 0.3849 
2.6906 0.3025 0.009 0.3676 
3.1824 0.376 0.0093 0.3816 
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Integral length scale
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